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EXECUTIVE SUMMARY

Public Law 97-414, the Orphan Drug Act, passed by the Congress and
enacted on January 4, 1983, directed the Secretary of Health and Human
Services to construct radicepidemiological tables showing the probability
that certain cancers could result from prior exposure to radiation.

" To ensure as far as possible|that the radioepidemiological tables
would represent the best possible!/scientific judgment, the Secretary of
Bealth and Human Services established the NIH Ad Hoc Working Group to
Develop Radiocepidemiological Tables. To assist the Working Group, the
NIH and the Assistant Secretary for Health requested the National Academy
of Sciences to form an advisory committee (the National Academy of Sciences
Oversight Committee on Radioepidemiologic Tables). The Working Group would
like to thank Dr. C. Frederick Mosteller and the other members of the
Oversight Committee for their constructive criticisms, which have been of
great benefit during the preparation of the report. The Working Group
also benefited greatly from the groundwork laid by the National Council
on Radiation Protection and Measurements (NCRP) Committee No. 71, which
already was addressing the question of probability of causation (PC) for
radiogenic cancers. Finally, the Working Group has had an opportunity to
interact with the Science Panel of the Committee on Interagency Radiation
Research and Policy Coordination, Office of Science and Techmology Policy,
Executive Office of the President, during the course of the Panel's
evaluation of the tables, and has its report dated November, 1984.

In constructing the tables, the NIH Working Group and the Oversight
Committee identified the same set of problems invoived in the calculation
of probability of causation for cancer following exposure to ionizing
radiation. Additionally, the Oversight Committee has made several important
suggestions that a future committee, whose task is to update this report,
should find useful.

The Working Group determined that it could not attempt a new analysis
of the epidemiologic data but should base many of its calculations on the
report issued in 1980 by the National Academy of Sciences Committee on the
Biological Effects of Ionizing Radiation (BEIR III) (1) that itself had
required more than three years to complete. The Working Group, however,
did depart from the BEIR III report in several important details because
of the availability of new data. These include adoption of a new "wave
function"” time-response model for leukemia and bone cancer, different co-
efficients for leukemia and cancers of the lung, thyroid and breast,
addition of cancer of the salivary gland, omission of lymphoma as a
radiation~induced cancer, and avoidance of PC calculations for certain
cancers following exposure at younger ages. Overall, of the 78 age—,
sex—, and site-specific risk coefficients employed in the present report,
40 were taken directly from the BEIR III report and 38 were obtained from
more recent sources. :

The problems reccgnized by both groups can be resolved more accurately
in the future through the accumulation of more human data, and especially
by new insights into the mechanisms of carcinogenesis, and perhaps, rather
less by mathematical ingenuity or further in-depth analysis of existing
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data, although more refined analysis of newer data will be useful. The
Working Group interpreted its mandate from the Orphan Drug Act as requiring
assessment of currently available data and the exercise of its best
Judgment regarding the handling of the scientific uncertainties that are

at present unresolved, ' )

Historically, not long after ionizing radiation was discovered in 1895
and methods for producing and utilizing various types of radiation became
available, it was demonstrated that such radiation could bhe seriously
damaging. First came the recognition that radiation to the skin could
cause a serious, sunburnlike effect. By 1904 it was learned that radiation
could cause skin cancers, and somewhat later (1911) it was shown that the
incidence of leukemia was elevated in radiologists.

In 1928 the International Congress of Radiology adopted the first
international recommendation for radiation protection. At that time, it
was believed that there was a threshold for the deleterious effects of

radiation, that is, a dose below which there would be no damage. Work on

the genetic effects of radiation in the 1930's suggested that any dose of

radiation had a certain likelihood of producing a damaging effect on germ

cells. Concern over the genetic effects of radiation (2), so prevalent in
the 1950's, has lessened in the last two decades, whereas the carcinogenic
effects of radiation have become much more evident.

Radiation acts to cause cancers in a largely random manner. 1In a
situation in which a large number of people have received a moderate-to-
large amount of radiation, the numbers of cancers of specific sites (e.g.,

breast cancer, leukemia, etc.) produced by that amount of radiation can

be estimated, We cannot, however, predict which individuals will develop
cancer. FEven after the cancer has developed, we cannot state with certainty
whether it was caused by radiation, since it is usually impossible to
differentiate cancers induced by irradiation from those which occur
“normally” in the population.

Cancers appear to be associated with a large number of environmental
factors and genetic susceptibilities although, in any individual case, it
is usually not possible to be sure of the exact cause of the cancer. The
events that may cause or predispose to cancer interact in several ways,
but only a few of these interactions are known and understood. Moreover,
different individuals are exposed differently, and to a greater or lesser
extent, to various carcinogenic factors as the result of cigarette smoking,
alcohol consumption, viral infection, dietary habits, occupation, heredity,
etc. TIf detailed knowledge were available about the effects of all these
exXposures and interactions, it would be possible theoretically to classify
individuals into a large number of groups among which the probability of
causation of a particular cancer by a given agent could be calculated
more accurately. For any carcinogen, however, including radiation, the
aumber of such groups is severely limited at present; i.e., from available
data we can, with some assurance, partition populations into categories
based only on a few factors, including age at diagnosis, sex, smoking
history and age at exposure to radiation. Except for these subdivisions
we calculate probabilities of causation only for aggregate groups in which
unknown variations among individuals may be appreciable. However, probabil-
ities of causation hased on even the most minimal partitioning are valid
probabjilities for these groups.
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Attempts to estimate the probability that an observed effect resul-
ted from one of several possible causes are not uncommon, even in the
more exact physical sciences. Decay of short-lived subatomic particles,
where only a small number of events can be observed and several potential
mechanisms exist, is in some respects analogous to the problems involved
in constructing radioepidemiolegical tables. 1In both cases, probabilities
are calculated from a small number of events. There is, however, an
important difference. In physics a large number of well-tested and
comprehensive theories exists to gulde calculations, whereas in biology
and medicine there are few well-established general and predictive theories
and the systems are immeasurably more complex. This becomes particularly
_ important for calculation of the probability that radiation caused a
‘ > certain cancer when the dose of radiation was small. Such calculations-
| are therefore subject to great uncertainty {see Chapter VII).

In order to construct the radicepidemiological tables, several
fundamental decisions were made, which are explained in the remainder of
this Summary.

f - I. The Working Group first had to decide what data should be used
o to develop the numbers in the tables. 1In general, epidemiologic data
derived from radiation exposure to humans were utilized. However, effects
in experimental animals, largely rodents, and additional data from in
vitro studies of effects of radiation on cell cultures, which can provide
useful information on principles, were also considered. The animal data
on low levels of ionizing radiation are constrained by the same limitations
as the data on humans--the difficulty that the small effects require very
large numbers of animals, Furthermore, the studies on rodents have been
3 restricted almost entirely to highly inbred strains of animals and to
% types of tumors that occur with high frequency. Hence their relevance to
the carcinogenic effects of low-level irradiation in the human population
J is uncertain. The in vitro experiments suffer because the cells are
| studied under conditions that differ profoundly from those in vivo, and
i are of uncertain relevance to the carcinogenic effects of irradiation in
man (3).

I1. Secondly, the Working Group had to resolve how to estimate the
risks from low doses of radiation. Although effects of moderate-to-high
doses on large populations can be estimated reasonably well, several gov-
ernment reports, such as the 1979 Report of the Work Group on Science of
the Interagency Task Force on the Health Effects of Ionizing Radiatiom
(4), the 1981 report of the Comptroller General to the U.S. Congress

: (5), and the 1981 report of the Interagency Radiation Research Committee
& (6), as well as such authoritative reports as the 1980 (BEIR III) report
of the National Academy of Sciences (1) and the 1977 report of the United
Nations Scientific Committee on the Effects of Atomic Radiation (7),
testify to the uncertainty of the carcinogenic effects of very low doses
of radiation. Thus, the BEIR III committee was unwilling to make estimates
of the carcinogenic effects of radiation for acute doses below 10 rad or
for continuing exposure to doses below 1 rad per year. Although the
non~threshold hypothesis is accepted for radiation protection purposes,
empirical evidence as to the existence of a threshold is lacking.

- 111 -
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Scme environmental and occupational doses are quite small, on the
order of those resulting from natural background radiation to which we
are all exposed (about 0.08 to 0.2 rem per year in the United States).
It might be supposed, therefore, that studies of populations living in
regions where background levels vary greatly would yield estimates of
carcinogenic risks associated with such differences. Several such studies
have been attempted, but the rigsks are so low that any effect of variation
in background radiation is overshadowed by the natural variations in
cancer incidence (1,7-9). At the present time, estimations of effects at
low doses are based upon assumptions as to the mathematical form governing
the dependence of effect upon dose, since we must extrapolate from the
dose region where we have evidence of effects, to lower doses where
effects have not been observed or may not be large enough to be detectible.

In general, the Working Group has sought to use the dose-effect
model for each cancer which is most consistent with both the human epi-
demiologic data and the radiobiological data. For leukemia, the data are
consistent with a so-called linear-quadratic model; hence this model is

“the basis for the PC tables calculated for leukemia. This model utilizes

two constants and, in general, predicts that small doses of radiation

have a lesser effect per rad than do higher doses. There are radiobiolog-
ical reasons for assuming that a linear-quadratic dose-effect model is
generally applicable to other cancers, which are discussed both in the BEIR
ITL report and in Chapter III of the present report. Accordingly, we

have used this approach for all cancers except those of the thyroid and
breast. For carcinoma of the breast and thyroid, the data appear to be
best described by a simple linear relationship in which the carcinogenic
effect of radiation is directly proportional to the dose; again, the

tables are based on this interpretation.

T1I. The Working Group also had to consider the relative effective—
ness of radiation delivered at different dose rates. Although there are
no conclusive human data on the carcinogenic effect of radiation delivered
at a very low dose rate relative to that delivered at a high dose rate
{atom bomb survivors, therapeutic radiation), several national and inter-
national bodies have suggested that radiation of low linear energy transfer
{low LET) is considerably less carcinogenic at a low dose rate than at a
high dose rate (6,7,10). If a linear-quadratic model is used, no separate
dose-rate correction is necessary for protracted radiation exposures, given
a certaln partitioning of the dose (see Chapters III-I and V-B). 1In the
case of carcinoma of the breast and thyroid, the use of the linear dose-
effect model implies that there should be no dose-rate effect; data
available for both of these cancers are consistent with this prediction.

IV. An additional assumption required for calculation of PC values
concerns the relationship between the number of cancers produced at any
given time after radiation and the number normally occurring in a similar
population of the same age and sex not exposed to radiation. The BEIR
ITT report utilized both a relative risk time projection model and an

.absolute risk time-independent model. The absolute risk model assumes

that the radiation-induced risk of developing cancer is constant after a
suitable latent period following irradiation. The relative risk time
projection model states that, at any time after a latent period, a given

-iv -




-

dose of radiation increases the probability of developing cancer by a
constant fraction of the baseline risk. Available data, particularly on
breast. and lung cancer in Japanese atomic bomb survivors, which have
appeared since the preparation of the BEIR 1II report, support the relative
risk time-projection model more convincingly. Therefore, the Ad Hoc Group
has adopted this model, as discussed in Chapter I1I.

There is a substantial body of data on the risk of developing leukemia
B (both acute leukemia and chronic granulocytic leukemia) after radiationm.

%g Hence, it is possible to dvelop a model that accurately follows the observed
data. This model is basically wave-like in form, following neither the con-
stant absolute risk nor the constant relative risk time-projection model.
Accordingly, we have used the wave-like model to describe the risk of
developing leukemia as a function of time after-radiation.

V. A problem awaiting resolution is the relative carcinogenicity of
high~LET radiation. This is the type of radiation delivered by large,
highly energetic particles such as neutrons or alpha particles. For the

' same absorbed dose this kind of radiation appears to be more effective in

‘ causing cancers than low-LET radiation, such as that delivered by X rays

or gamma rays. All the tables except for bone cancer, and for lung cancer

after exposure to radon (which occurs principally in uranium miners), deal

‘ "with the more commonly occurring low-LET radiation. Several committees

: are currently investigating the carcinogenic effects of high-LET radiationm.
Pending their conclusions, it is not possible to use these tables relevant
to low-LET radiation for the calculation of PC estimates for high-LET
radiation unless a biologically equivalent dose can be determined for the
individual case.

Other estimates of probability of causation, or their equivalent,
have been prepared by British Nuclear Fuels, Limited (BNFL), by Gofman
(11), and by Stewart (12). The BNFL procedure is not available to the
public, and certain objections have been raised to the Gofman calculations
(13). Stewart's analysis was based on data from the Hanford workers (14),
; which are much too limited to provide any basis for a compensation system

*5 (15,16). The present report represents a consensus of the Working Group,

; aided by its interaction with the Oversight Committee of the National
Academy of Sciences and the Science Panel of the Committee on Interagency
Radiation Research and Policy Coordination.

Chapter I of the report outlines the Congressional actions that
mandated its preparation; Chapter II describes briefly what 1is known
about human cancer. Chapter 1II describes relations between radiation
and cancer, including a listing of those cancers which may be caused by
radiation and for which adequate data are available to calculate PC, and
those for which an association with radiation is not proved. Chapter IV
describes concepts involved in calculating the probability that any given
amount of radiation was the cause of any particular cancer. Chapter V
lists data sources and assumptions that are required for calculations of
PC values and justifies these choices. Chapter VI describes how the cal-
culations have been performed. Uncertainties in the basic data and
assumptions which are necessary ingredients in the calculation of proba~
: bilities of causation are reflected in uncertainties in the final PC
; values themselves. An attempt has been made in Chapter VII to identify
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and assess the various sources of uncertainty and to combine these uncer=-
tainties into single measures for individual cancers. The combined un-
certainties, while not small, are not so large as to negate the useful-

ness of the PC's, especially at the low and high ends of the scale.

Chapter VIII discusses how the present PC estimates may be updated and
describes what new information may become available, and how it might be
handled. Chapter IX describes how to calculate the probability of causation
-for any radiation dose and any cancer using only a few tables, which appear
in Chapter X. 1In Chapter X each cancer for which a probability of causation
can be calculated is discussed and specific examples of calculations are
presented, together with tables of the constants necessary for these
calculations. This arrangement has necessarily given rise to some redund-
ancy, but the Working Group believes that the present format permits any-
one to obtain all the basic information for calculation of PC for a specific 8
cancer in any specific case from just one of the subsections of Chapter X.

In Appendix I, tables of the probability of causation for individual
cancers are presented for radiation doses of 1, 10 and 100 rad. For any
specific case, the reader is encouraged to use the simple formulae in
Chapter X for calculation of a probability of causation.

In Appendix II, the Working Group has reproduced the specific recom-
mendations of the NAS Oversight Committee with respect to the July, 1984
draft of the present report and its future revisions (17). - Since this
final version of the Tables incorporates most of the recommendations made
by the Oversight Committee, each recommendation is annotated as to its
status in the final report presented here. -

Appendix IIT is a glossary of some of th erms used in this report.

889

J. E. Rall, M.D., Ph.D., Chairman,
NIH Ad Hoc Working Group to Develop

: Radioepidemiological Tables
January 4, 1985
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Chapter I: LEGISLATIVE AUTHORITY

A. Background

On January 4, 1983 the President of the United States signed Public
Law 97-414 (known as the “Orphan Drug Act"), an act to amend the Federal
Food, Drug and Cosmetic Act to facilitate the development of drugs for
rare diseases and conditions, and for other purposes. This legislation
includes a provision (Section 7 (b) of the bill) directing the Secretary
of Health and Human Services to "devise and publish radicepidemiological
tables that estimate the likelihood that persons who have or have had any
of the radiation-related cancers and who have received specific doses
prior to the onset of such disease developed cancer as a result of these
doses.” The complete text of section 7 (b) of the bill -and an excerpt
from President Reagan's statement, on the occasion of his signing the
Orphan Drug Act, are included in section B of this chapter.

On February 25, Dr. Edward N. Brandt, Jr., Assistant Secretary for
Health, Department of Health and Human Services, assigned lead respons—
ibility for the implementation of this charge to the National Imstitutes
of Health. An Ad Hoc Working Group, chaired by Dr. J. E. Rall, Deputy
Director for Intramural Research, NIH, was established; this group has
met regularly since April 5, 1983. Subsequently (August 4, 1983), the
Secretary of Health and Human Services approved the Charter for an “Ad
Hoc Working Group to Develop Radioepidemiological Tables" to carry out
this mandate. The text of the Charter is included as section C.

It may be noted that the section of P.L. 97-414 pertaining to the
development of radioepidemiological tables originally was introduced by
Senator Orrin Hateh (Utah) as a part of Senate bill § 1483: "Radiation
Exposure Compensation Act” to provide for -damages due to radiation exposure
from nuclear weapons tests in Nevada. Since neither this bill nor the '
companion House bill (H.R. 6052) was reported out of the respective
committees, the section relating to radioepidemiological tables was
attached as an amendment to the "Orphan Drug Act” which was passed by
both houses and signed into law on January 4, 1983. On March 23, 1983,
Senator Hatch introduced the "Radiogenic Cancer Compensation Act” which
intends to use as the basis for award of compensation the tables of
probability of causation of cancer from radiation exposures, prepared in
response to the requirements of the "Orphan Drug Act."”

B. Public Law 97-414 - January 4, 1983

"7(b)(1) Within one year after the date of enactment of this Act, the
Secretary of Health and Human Services shall devise and publish radio-
epidemiological tables that estimate the likelihood that persons who have
or have had any of the radiation-related cancers and who have received
specific doses prior to the onset of such disease developed cancer as a
result. of these doses. These tables shall show a probability of causation
of developing each radiation related cancer associated with receipt of
doses ranging from 1 millirad to 1,000 rads in terms of sex, age at time
of exposure, time from exposure to the onset of the cancer in gquestion,
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and such other categories as the Secretary, after‘ccnsulting with approp—
riate scientific experts, determines to be relevant. F.ach probability of
causation shall be calculated and displayed as a single percentage figure.

(2) At the time the Secretary of Health and Human Services publishes
the tables pursuant to paragaph (1), such Secretary shall also publish—-

(A) for the tables of each radiation related cancer, an
evaluation which will assess the credibility, validity,
and degree of certainty associated with such tables; and

(B) a compilation of the formulas that yielded the prob-
abilities of causation listed in such tables. Such
formulas shall be published in such a manner and together
with information necessary to determine the probability
of causation of any individual who has or has had a
radiation related cancer and has received any given dose.

' (3) The tables specified in paragraph (1) and the formulas specified
in paragraph (2) shall be devised from the best available data that are
most applicable to the United States, and shall be devised in accordance

with the best available scientific procedures and expertise. The Secretary

of Health and Human Services shall update these tables and formulas every
four years, or whenever he deems it necessary to insure that they continue
to represent the best available scientific data and expertise.”

Excerpt from President Reagan's statement on the occasion of his

signing the Orphan Drug Act
"+ . .+ there is as yet no consensus among radiation experts
in relating human cancers and exposure to low levels of
radiation. Yet, Section 7 mandates that probability of
causation tables be calculated for even very small dose
levels., J4ccordingly, I am directing the Secretary of
Health and Human Services to complete the tables

to the extent that may be possible and scientifically
respensible, in light of the analysis also mandated by
Section 7, which requires him to 'assess the credibility,
validity, and degree of uncertainty associated with such
tables.'™

C. Charter - Ad Hoc Working Group to Develop Radioepidemiological Tables

"Purpose

Section 7(b) of Public Law 97-414 directs the Secretary of Health and
Human Services to devise and publish radioepidemiological tables that
estimate the likelihood that persons with any radiation-related cancer
who received specific radiation doses before the onset of the cancer
developed the disease as a result of such exposure. The tables must show
the probahility of causation for each cancer associated with receipt of
doses ranging from 1 millirad to 1,000 rads in terms of sex, age at time
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of exposure, time from exposure to disease onset, and such other categories
as the Secretary, after consultation with appropriate scientific experts,
determines to be relevant.

In carrying out this mandate, the Secretary deems it necessary to establish
an Ad Hoc Working Group to Develop Radioepidemioclogical Tables comprised

of scientific experts whose qualifications will insure a thorough, competent,
and timely completion of the task.

“Authoritz

42 U.S. Code 217a, Section 222 of the Public Health Service Aét, as amended.

This Ad Hoc Working Group to Develop Radioepidemiological Tables is governed
by the provisions of Public Law 902-463, which sets forth standards for the
formation and use of advisory committees.

“"Function

In addition to developing radioepidemiological tables, the Ad Hoc Working
Group shall: '

1. Assess the credibility, vaiidity, and degree of certainty associated
with such tables; and

2. Compile the formulas that yielded the probabilities of causation
listed in such tables. Such formulas shall be published in such a
manner and together with information -necessary to determine the
probability of causation of any individual who has or has had a
radiation-related cancer and has received any given dose.

The tables specified in pargaraph (1) and the formulas specified in
paragraph (2) shall be devised from the best available data that are most
applicable to the United States, and shall be devised in accordance with
the best available scientific procedures and expertise. The Secretary of
Health and Human Services shall update these tables and formulas every
four years, or whenever necessary, to insure that they continue to repres-
ent the best available scientific data and expertise,

"Structure

The Ad Hoc Working Group to Develop Radicepidemiological Tables shall
consist of eight members, including the chairperson. Members and chair-
person shall be selected by the Secretary, or designee, from outstanding
authorities in the fields of endocrinology, radiation biology and pathology,
radioepidemiology, biostatistics, and radiobiology. Members shall be in-
vited to serve for a period of one year. Management and support services
shall be provided by the Office of the Director, National Imnstitutes of
Health.

"Meetings

. Approximately eight meetings shall be held at the call of the chairperson

who shall also approve the agenda. A government official shall be present

-2 -




sgen

at all meetings. Meetings shall be conducted and records of proceedings
kept as required by applicable laws and Department regulations. Meetings
shall be open to the public, except as determined otherwise by the Secretary;
notice of all meetings shall be given to the public.

“Compensation

Members who are not full-time Federal employees shall be paid at the rate -
of $100 per day, plus per-diem and travel expenses in accordance with
Standard Government Travel Regulations.

"Annual Cost Estimate

Estimated annual cost for operating the Ad Hoc Working Group, including
compensation and travel expenses for members but excluding staff support,
is $36,700. Estimated annual man years of staff support required is one
at an estimated annual cost of $49,213.

"Reports

Section 7(b) of Public Law 97-414 directs that within one year after the
date of enactment of this Act (January 4, 1983), the Secretary of Health
and Human Services shall publish the radicepidemiological tables. The Ad
Hoc Working Group will complete its task as outlined in the Function
section of this document and submit these findings to the Director,
National Institutes of Health, by October 15, 1983.

"Termination Date

Unless renewed by appropriate action prior to its expiration, the Ad Hoc
Working Group to Develop Radicepidemiological Tables will terminate on
May 15, 1984,

Approved:
§~4-83 : (signed) Margaret M. Heckler "
Date ) Secretary
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Chapter II: THE ETIOLOGY OF CANCER

A. Introduction

Cancer is the second leading cause of death in the United States
and has recently become one of the most intensively studied of diseases.
Many forms of human cancer are now recognized to have multiple causes.

In addition, a number of theories have been proposed to explain the
biological mechanisms of carcinogenesis. While our understanding of such
mechanisms is still very limited, it is apparent that the overall incidence -
of cancer is related in large measure to cancer—causing factors in the
"environment” defined broadly to encompass air, water, food, and such
other factors as individual lifestyle, occupation, smoking habits, sexual
activity, etc. ' . :

This chapter surveys briefly some of the current theories of cancer.

It also summarizes what is known about the more important risk factors
that determine the likelihood of cancer in an individual.

B. Current Theories of Carcinogenesis

For many carcinogens the process of tumor development is -postulated
to involve successive phases, three of which have traditionally been des-
ignated the iInitiation phase, the promotion phase, and the progression
phase. During the initiation phase, the DNA of the target tell, which
contains the genetic code, is presumed to be damaged or structurally
altered as the result of exposure to radiation, a carcinmogenic chemical,
or some other initiating agent. A variety of molecular mechanisms has
been hypothesized to explain the alteration of cellular DNA, including
random point mutation, gene rearrangement, chromosomal translocation, and
altered DNA methylation (1,2).

The promotional phase of cancer development is concerned with the
subsequent changes in the initiated cell that lead to development of an
overt tumor. It differs from initiation in a number of respects, being a
much slower process, which may cover a major portion of the human lifespan.
While a single expcsure to an initiating substance can suffice to alter
DNA, promoting effects typically are induced .only by prolonged contact
with the agent in question (2). Promotion may thus be based on different
mechanisms; for example, interference with normal regulation of cell
growth or with the body's natural defense mechanisms, including repair of

" DNA damage, conjugation and detoxification of toxicants, immunological

resistance, hormone balance, etc. The progressive phase involves the out-

‘growth of progressively more malignant variants of the original neoplasm.

Together, the promotion and progression of neoplasia are envisioned
to involve a series of changes in the regulation of cell growth, with
variations in the malignancy of the resulting tumors by .the time they
become detectable clinically. Some forms of cancer, for example, are
known to grow rapidly and metastasize early, while others grow slowly and
remain localized indefinitely. These differences, which remain to be
fully explained, affect the probability of ascertainment of the cancers
in question. '
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Although much of the research on carcinogenesis has been focused
on the ‘initiation phase, promotion may ultimately be of greater importance
in determining the incidence of cancer (3). It is noteworthy moreover,
that the distinction between initiating and promoting agents is not
always clear—cut (2). Radiation and certain chemicals appear to be
capable of acting both as initiators and promoters; i.e., as complete
carcinogens (4).

Genetic effects leading to cancer may involve germ cells as well as
somatic cells. Evidence for the influence of germ cell mutations om
human carcinogenesis comes primarily from studies of single-~gene defects
associated with cancer, family aggregations of neoplasia,.and cytogenetic
studies showing some cancers to be assoclated with inherited chromosomal
abnormalities. Every form of cancer probably has a heritable component
of some magnitude. For some forms it can be large.

It is difficult to estimate the carcinogenic risks of radiation by
extrapolation without further knowledge of the precise mechanisms involved
in radiation carcinogenesis. Advances in the molecular biology of cancer
should eventually lead to new understanding of how radiation induces
malignancy and to refinement ium our approaches to risk assessment.
Significant advances in cancer bioclogy have already come from studies of
the. genes involved in malignant transformation, some of which are called
"oncogenes” (5). Oncogenes discovered originally in tumor viruses have
since been found to have homologues in uormal cells (6), where they can
be "activated” to produce malignant transformation by (a) linking them to
powerful retroviral promoters, (b) mutations which may be produced by
chemical carcinogens like nitrosomethylurea {7,8), or (c¢) chromosomal
translocations (6-9). Since ionizing radiation is known to cause both
point mutations and chromosomal aberrationms, it is conceivable that
radiation carcinogenesis may, in some instances at least, involve activa-
tion of cellular oncogenes. Recently, direct evidence for activation of
the c-K-ras oncogene by gamma radiation, through a single base mutation,
has been reported (10). '

Recent studies of wmalignant transformation by viral oncogenes and
activated cellular oncogenes suggest that the transformation of cells to
malignancy may require activation of more than one cellular oncogene. It
is thus possible that the long "latent” periocd that characteristically
elapses between radiation and the clinical appearance of a cancer may
result from the need for successive oncogenes to be activated or for
other types of sequential changes to take place..

C. Envircnmental and Life Style Risk Factors

It has been inferred that as much as 75-80% (3) of fatal cancers in
the United States results from the influence of life style and other non-
hereditary, or enviromnmental, factors. Epidemiological studies imply that
the largest effects are related to smoking, alcohol consumption, diet and
other factors related to life style. Occupational exposures and the effects
of radiation, chemical pollution, medical therapy, sexual activity, and
infections are thought to contribute to a lesser extent. In some instances,
heredity may render an individual more vulnerable to the effects of an
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environmental carcinogen, as is illustrated by the heightened suscepti-
bility of individuals suffering from xeroderma pigmentosum to the develop-
ment of skin cancer as a result of exposure to the ultraviclet radiation
in sunlight., 1In evaluating the importance of the various environmental
risk factors, one should consider the potential influence of host-related
characteristics as well as the possibility that a cancer may have multiple
causes.

1. Smoking

Smoking of tobacco, particularly in the form of cigarettes, is
generally recognized as the single most important extermal risk factor
for human cancer, being estimated to cause 25-40% of all cancer deaths in
the U.S. (3,11,12). It is the primary cause of lung cancer in both men
and women, and is also associated with an increased risk of cancer of the
larynx, oral cavity, esophagus, bladder, kidney, and pancreas. Although
the percentage of the smokers in the population has declined from 42% in
1965 to a current level of approximately 33%, the number of active smokers
in the United States is estimated to be about 53 million (12), and there
is concern about the potential risks from "passive™ smoking in non-smokers
(13-15). Although the specific mechanism(s) by which tobacco smoke
contributes to an increased risk of various types of cancer is not yet
known, a variety of carcinogenic chemicals are known to be components of
tobacco smoke (12).

2. Alcohol consumption

Alcohol consumption is thought to play a role in the onset of
cancer at a variety of sites, including the mouth, pharynx, larynx,
esophagus, liver, and lung; and some investigators have associated 3-5%
of all cancer deaths with the drinking of alcoholic beverages (3). "Al-
though approximately one-third of the adult U.S. population drinks alcoho-
lic beverages at least once a week, and about 10 million members of the
population are estimated to be problem drinkers (4), the specifie impact
of alcohol per se on human cancer risk is difficult to assess since,
among the complexities, reliable quantitative data on consumption are
difficult to obtain. Furthermore, many investigators believe that alcohol
acts chiefly by enhancing the effects of other primary carcinogens such
as those in tobacco smoke (4).

3. Diet

Although there is a growing recognition that diet can influence the
risks of specific types of cancer, the mechanisms and magnitudes of
dietary effects are poorly understood. Doll and Peto infer that diet may
be involved in 10-70% of all cancers in this country (3). Humans are
exposed to a2 multitude of agents that can enhance or inhibit the onset of
cancer, through the dietary intake of meats and fats, fibers, vitamins,
and mnaturally occurring carcinogens and their precursors (16). Carcinogens
in the diet also arise as by-products of food preparation (polycyclic
aromatic hydrocarbons), or may be introduced as natural contaminants
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(aflatoxin), environmental contaminants {pesticide residues, heavy metals,
PCBs, etc.), and additives for coloring, flavor (cyclamates and saccharin),
and food preservation. Dietary carcinogens may act as tumor initiators

or promoters, may facllitate the formation of carcinogens in the body, or
may affect the transport, activation, or deactivation of carcinogens
already present in the body (4).

4. Occupational exposures

Exposure to various occupational risk factors can increase the
likelihood of cancer. Carcinogens that have been identified in the
workplace Include arsenic, asbestos, benzene, coal tar pitch volatiles,
2-naphthylamine, vinyl chloride, nickel and radiation. Moreover, there
are a number of industries such as the petrochemical industry, the rubber
industry, and coal mining, in which workers seem to have an excess risk
of developing cancer, even though the specific risk factor or agent has
yet to be identified. Because of the relatively long latencies associated
with most forms of occupationally related cancers, current incidences of,
or deaths from, occupationally related cancers are typically the result
of exposures that occurred one or more decades in the past, when exposure

_levels were usually much less well-controlled and not as well~documented

as are present-day levels. Furthermore, since workers frequently change
jobs, both within and between industries, they may be exposed to a variety
of potentially carcinogenic agents, the individual effects of which are
not easily isolated.

5. Pollution

Manmade pollution of air and water is another source of potential
cancer risk for humans. The frequently observed increase in lung cancer
death rates among inhabitants of the more urban areas of the United States
has been Interpreted as evidence that air pellution, primarily polycyclic
aromatic hydrocarbons from auto exhaust contributes to the risk of cancer.
This argument is confounded, however, by the fact that the typical urban
dweller is more likely to smoke than his rural counterpart and more
likely to come into contact with a variety of occupational/ industrial
risk factors as well. Although it is extremely hard to separate the
impact of polluted air from the effects of these other risk factors, mest
researchers seem to believe that the actual percentage of all cancers
specifically attributable to air pollution, while perhaps not negligible,
is likely to be small (4).

The carcinogenic effects of water contamination, which may arise as
a result of industrial pollution, agricultural runcff, waste dump seepage,
and as a byproduct of drinking water purification (17), are even more
difficult to assess than those associated with air pollution (4). Even
in the few instances where case-control studies have been conducted,
results have not always been consistent (4).
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6. Medical therapy and diagnosis

Some agents used in the past to diagnose or treat various diseases
have subsequently been shown to increase the risk of cancer, and their
their use has been curtailed. Examples include inorganic trivalent
arsenic (skin cancer), chloronaphazine (bladder cancer), the radioactive
contrast agent, thorotrast (cancer at the organ of concentration), and
diethylstilbestrel (vaginal adenocarcinoma) (4). Ionizing radiation and
some of the drugs that have been found to possess carcinogenic potential,
such as certain alkylating agents used to treat different types of cancer
and various immunosuppressive drugs employed in organ transplantation,
continue to be used with discretion, insofar as their expected benefits
are considered to outweigh their known risks.

7. Sexual development and behavior

Hormonal stimulation associated with normal sexual development
influences the risk of cancer in humans. : For example, the risk of breast
cancer in women is affected by age at menarche, age at first childbirth,
and age at menopause. The incidence of testicular cancer is elevated in
men born with cryptorchidism or undescended testes. The likelihood of
developing cancer of the uterine cervix increases with the number of
different sexual partners that a woman has had (4).

8. Viral infections

Viral infections are a known cause of various cancers in animal
species and have been regarded as potential 'risk factors in the development
of human tumors. The Epstein-Barr virus is thought to act as a causative
cofactor in the onset of Burkitt's lymphoma (in Central Africa and New
Guinea) and nasopharyngeal carcinoma (in the Far East, especially South
China). Hepatitis B virus evidently plays a role in the development of
hepatocellular carcinoma, particularly in Asia and Africa (3,4).

Other viruses of possible importance in human reproductive tract
cancer development include herpes simplex virus (4) and cytomegalovirus
(4). Human T-cell leukemia virus (18) has been isolated and sequenced
and is clearly the etiologic agent in this type of leukemia. At the
present time, the role of retroviruses or oncogenes in other cancers is
unclear, but it could well be that activation or mutation of oncogenes
are important factors in the genesis of many cancers.

9. Interactive effects

The preceding discussion of carcinogenic risk factors concerned .
primarily the effects of individual agents, whereas humans are ordinarily
exposed to a variety of agents. The potential for interactions among the
effects of different risk factors should also thus be considered. The
interaction of two factors can be expressed in a variety of ways. For
example, one may act as a vector that carries the other to a critical
target site; the first may promote or enhance the carcinogeénic activity
of the second; the two may act independently; or they may produce a joint
effect which markedly exceeds the sum of their separate effects.
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Although epidemiology has not focused to any great extent on inter-
active effects between suspected or known carcinogenic risk factors,
there are a few well-known examples of such phenomena. It has already
been noted that alcohol consumption is generally réegarded as a co~factor
that combines with cigarette smoking to elevate the risk of esophageal
cancer., Similarly, the joint action of infection with hepatitis B virus
and dietary intake of aflatoxin has been cited as a cause of liver cancer
in certain African and Far Fastern populations. Dietary zinc deficiency
may also interact with alcohel consumption to increase the likelihood of
developing esophageal cancer (4). Furthermore, some investigators have
suggested that air pollutants combine with carcinogens in cigarette smoke
to enhance the production of lung cancer (4). However, the most striking
example of an enhanced response resulting from the joint action of two

environmental carcinogens is the combined effect of asbestos and cigarettes.

The mortality ratios for workers exposed to either asbestos or cigarettes
individually were observed in one industrial study to be approximately 5-
and 10-fold, respectively, whereas the corresponding ratio for workers
exposed to both (i.e., asbestos-exposed workers who smoked) was in excess
of 50-fold (4). Cigarette smoking also appears capahle of altering the
carcinogenic effects of ionizing radiation in certain circumstances, as
is discussed in a later section of this report (Chapter IV-H).
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Chapter III: RADIATION AS A CAUSE OF CANCER
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A. Introduction

Although ionizing radiation has been a part of the natural environ-
ment since the world began, only within the past century has man begun
to study and use radiation as a tool in industry, biclogy, medicine, and
warfare. The study of ionizing radiation as a cause of cancer has been
particularly productive, with the result that we probably know more about
its carcinogenic effects than about those of any other environmental
carcinogen (1). This knowledge has been gained because it has been
possible to identify study populations with documented exposures to
fairly high radiation levels, and because ionizing radiation has proved
; to be a precisely controllable means of inducing cancer experimentally in
» laboratory animals. As a public health problem, ionizing radiation ranks
’ well down the list of carcinogens: less than 3% of the U.S. cancer burden
can be plausibly attributed to ionizing radiation from natural sources
and human activities (2), compared to around 30% for tobacco smoking (3).
We also know, however, that large doses of ionizing radiation can notice-
ably increase the cancer risk, and we are able to quantify these effects
with some confidence (4). For example, among 6,035 atom bomb survivors
in the Life Span Sample who were exposed to 100 or more rad, there were
498 deaths from cancer in the period 1950-1978, when only 323 such deaths
would have been expected on the basis of the experience of survivors ex-
posed to less than one rad, an increase of 54 per cent (5). Among the
: 23,073 exposed to 1-9 rad, however, the observed 1,248 cancer deaths are
no higher (even slightly less) than expected on the same basis.

B. Characteristics of Ionizing Radiation .

Jonizing radiation includes electromagnetic radiation (such as X
rays and gamma rays), and energetic subatomic particles (such as protons,
neutrons and alpha particles). - These radiations have the capacity to
produce ions from atoms or molecules in their paths by adding or removing
electrons. A mechanism by which ionizing radiationm induces cancer is
thought to begin with the absorption of energy within cells, leading to
alterations in the genome of the cell (1; see also Chapter II). Some
other forms of radiant energy, like ultraviolet light, can affect cellular
DNA directly and induce cancer, but not by ionization.

The energy absorbed per unit mass from the radiation traversing a
tissue is termed the absorbed dose. Absorbed dose (or, for simplicity,
dose) is measured in rad (1 rad = 100 erg per gram) or gray (1 gray (Gy)
= 1 joule per kg = 100 rad). In general, the greater the dose, the
greater the likelihood of an observable biological effect. Different

-biological effects can interfere with one another, however; e.g., it is

: possible for the likelihood of cancer to decrease with increasing dose

: at very high dose levels if cells that might otherwise give rise to

?ancer are so severely damaged that they lose the ability to multiply
1,4,6).
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Different types of ionizing radiation have been compared experi-
mentally with respect to various biological effects, including cell
killing, mutagenesis, and carcinogenesis {6). 1In general, the relative
biological effectiveness (RBE) of a given absorbed dose of charged part-
icle radiation depends on the spatial density of the ionizations (linear
energy transfer, or LET) produced along the tracks of the radiation, the
heavy particle radiations tending to produce very closely spaced ioniza-
tions (high LET), while electrons, X rays and gamma rays tend to have
fewer ionizations per unit length of track (low LET). In dealing with
different types of radiation, the practice in radiation protection has
been to relate the doses and effects of a given high-LET radiation to
those of 250 kVp X rays as a standard, by introducing the quantity “dose
equivalent.” For a given end point, e.g., 50% acute mortality, the RBE
of a certain type of radiation, say, neutron radiation of a given energy,
is defined as the ratio of the required dose of X rays to the required
dose of neutrons for that end point. For other end points, for different
energies and for different dose rates or total doses, the RBE will have
different values., A variable RBE is difficult to use for radiation pro-
tection purposes, and therefore practical reliance for assessing the
impact of occupational or environmental exposures to high-LET radiation
has been 'placed on a "quality factor™, Q, which varies in relation to LET
and is assumed to remain constant in the low-dose range (7,8). By multi-
plying the absorbed dose (in rad) by the quality factor (Q) for a given
radiation, one obtains the "dose equivalent” for that type of radiation
(expressed ia rem = "rad equivalent in man”). The use of the Q factor is
unsatisfactorv, however, for the purpose of estimating cancer risk from
high~LET radiation, in view of the aforementioned variations in RBE. In
general, data are not available for estimating the site-specific RBE for
each particular set of circumstances;l the necessary information includes
the LET of the radiation at the target tissues. For internal emitters
{deposited radionuclides), knowledge of the spatial and temporal distribu-
tion within the target tissue will also be required. These are factors
that must be determined on a case-by—case basis. For this reason, the
Working Group has refrained from making tables for high-LET radiation
except in the limited case of alpha particle radiation from radium-224 in
bone and exposure to radon daughters in the case of lung, for which
epidemiological data exist from direct observations.

C. Sources of Radiation Exposure

Each of us is continually exposed to ionizing radiatiom from cosmic
ravs, disintegrating radioactive elements in the earth, and radioactive
elements occurring naturally in cur bodies (4). People living at sea
level in the United States receive about 80 millirem (1,000 millirem = 1
rem) average dose (strictly speaking, average dose equivalent) to their
internal organs per year (Fig. III~1); but at higher elevations, where
cosmic ravs are more intense, or in regions where the natural radio-
activity of the soil is fairly high, the dose can be twice that size, or
greater. Natural background radiation is increased by building materials

IThe NCRP and ICRP-ICRY currently have task groups working on high-LET
radiation.
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. containing radioactive minerals. People in poorly ventilated buildings

are exposed to elevated levels of the radioactive gas radon, given off by
building material and by the natural radioactivity in the underlying soil
(9,10), The average dose equivalent to the bronchial epithelium, which
reflects exposure to radon, is now thought to be 3 rem annually (11).
This represents an increase of the previous estimate of 0.5 rem and re-
flects (a) a decision to employ a quality factor of 20 in place of the
factor of 10 previcusly used, and (b) recent measurements of the indoor
exposure to radon daughters inhalation, which has increased because of
reduced exchange with the outside air..

Average radiation doses from man-made sources are of the same -
order of magnitude as from natural background, about 100 millirem per
year (4). By far the largest contribution is from medical diagnosis.
Individuals receiving radiation therapy for benign or malignant disease
can get very large doses to certain parts of the body, up to several
thousand rad, but relatively few people get such treatment., Similarly,
the number of people occupationally exposed to ionizing radiation is not
large and, because the average exposures are within a few hundred millirem
per year, the contribution to the population average is quite small (4).
The dose from global fallout produced by nuclear weapon tests and from
radiation-emitting components of consumer products like television sets
and smoke detectors is negligibly small (4,6,12).

D. The Evidence for Radiation Carcinogenesis in Man

We know that ionizing radiation can cause cancer in man because

"studies of different populations with documented exposures to high radia- '

tion levels (hundreds or thousands of times natural background) have
consistently found higher cancer rates than those seen in comparable,
non-exposed populations {13). Ionizing radiation was used in diagnosis
and to cure or alleviate the symptoms of disease long before its carcino-
genic potential was fully appreciated, and is the treatment of choice for
some diseases (including cancer) for which the potential benefit outweighs
the risk of subsequent cancer.

Studies of patient populations highly exposed to X radiation during
diagnostic or therapeutic procedures constitute much of the epidemiologic
basis for our knowledge of radiation carcinogenesis (14). Information on
the effects of alpha-particle radiation comes from studies of workers who
ingested radium while painting instrument dials with luminous paint (15)
and from studies of uranium and other hard-rock miners working in atmos-
Pheres heavily contaminated with radon {16-17). There have been intensive
Studies of the survivors of the atomic bombings of Hiroshima and Nagasaki
in 1945 (5), and of natives of the Marshall Islands, who in 1954 were
exposed to radiocactive fallout from a nuclear weapons test in the Pacific
(18). The largest number of persons studied who were exposed to low-LET .
radiation at low dose and dose rate were patients who received oral
lodine~131 for the treatment of hyperthyréidism (19).

From many studies it appears that, at some level of exposure,

ionizing radiation can increase the risk for many, and perhaps most, of
the types of cancer that occur in man. In general, it is clear that
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radiation does not create unique forms of cancer, but increases the risk
of some cancers that occur naturally. For the acute forms of leukemia,
chronic granulocytic leukemia, and female breast cancer, the association
is so strong as to appear certain (4). There 1s fairly strong evidence
that ionizing radiation does not cause chronic lymphatic leukemia (4,6).
For most other forms of cancer, the evidence lies somewhere between these
two extremes, although for many the position on this scale is uncertain
because there is very little information, =

The credibility of a presumed causal association between risk and
radiation exposure depends upon several factors, which must be considered
in evaluating the evidence that radiation exposure affects risk for a
particular cancer site:

1) Statistical significance - This depends on the total
number of cancer cases observed and the apparent size of
the excess relative to the baseline risk. For a fixed
number of cases, the strength of the association is
greater if the excess risk is relatively large and, for

a fixed relative excess, the association is more credible
if the evidence is based on many cases.

2) Specificity - How certain is it that the association

was not due to something else? Credibility is helped by
comparison with a non-exposed population, otherwise similar
to the exposed population. It is especially important to .
satisfy this requirement in studies of medically exposed
populations, for which the conditions leading to exposure
may themselves be related to the risk of subsequent cancer.
Since population groups that have been exposed to radiation
actually differ in many ways from the general populationm,
differences in rates of disease from general population
rates may be difficult to interpret or to attribute to the
radiation exposure.

3) Dose response - The level of risk should appear to
increase with increasing radiation dose to the tissue

of interest. Each of us is exposed to natural background
radiation at the very least, and so the concept of increased
risk from additional exposure involves the assumption of a
gradient of risk with increasing exposure. As already L
mentioned, it is always possible that an increased risk among
medically exposed persons may be attributable to the reasons

for exposure rather than to the exposure itself. This possibility
is less likely if there is an association of risk with level of
exposure among the exposed persons.

4) Consistency - Is the association seen in a number of
exposed populations, and are the apparent excesses similar
when such factors as dose, age, and period of observation

have been taken into account? “Statistically significant”
associations will occur as a consequence of mere chance in a
small proportion of studies - and in the field of radiation
carcinogenesis the number of studies is large. Further, spur-
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ious associations can arise by chance between cancer risk and
practically anything, or exposure can be fortuitously related
to a true risk factor. But such spuriocus associations are very
unlikely to arise in many different populations, exposed under
different circumstances. .We therefore tend to place most
credence in associations that turn up frequently and under
diverse circumstances of exposure, while distrusting isolated
reports not verified by other experience.

s-w

;
;
i
i

i

E. Quantification of Risk

Partly because we cannot tell for certain whether or not a person

: will develop cancer, even when we have the most detailed information

: possible about that person's physical condition, genetic background and
life experiences, and partly because, in our present state of knowledge,
carcinogenesis seems to be largely a random process, it is useful to

think in terms of probabilities. 1In other words, whether or not a person
develops cancer, and the time when that cancer becomes detectable, are

: matters’ of chance. Most of what we know about cause-effect relationships
j and cancer rates in different population subgroups is useful to the extent
' that it tells us how the probability of cancer diagnosis in a given person
\ at 3 given time depends upon certain observable facts. Thus, information
) that ionizing radiation is associated with a particular type of cancer
should, if it is to be of any help to us, lead to improved estimates of
the probability that cancer will occur following radiation exposure.

It is not possible to tell whether or not a particular cancer
observed in a given individual following exposure to ionizing radiation
was caused by that exposure. Cancers occur in nonexposed people and are
in general indistinguishable from radiarion-induced cancers. We often
can tell, however, if the number of cancers observed in a group of exposed
people is greater than the number that would have been observed in the

‘ absence of exposure and, if so, we czn estimate roughly how many of the

: observed cancers were induced by radiation. Thus we can estimate the
excess risk, in an average sense, that pertains to any similar group of

! exposed people. Such an estimate pertains to a single individual only to

‘ the extent that that person can be considered “typical” of the group from

which the estimate was obtained. In a particular case of radiation ex-

posure, one must consider a number of relevant factors, including radia-

tion dose; sex; age at exposure; time following exposure; and additional

risk factors or modifiers.

F. Sex
i ~ For some organ sites, baseline cancer rates vary markedly by sex,
5 while for others there is no real difference. Sensitivity to the carcino~

genic effects of ionizing radiation also varies by sex and not always
s according to the pattern of natural rates. Sex differences in sensitivity
seem to mirror differences in natural rates for leukemia and for thyroid
and breast cancer. For cancers that vary between sexes because of differing
exposures to carcinogens other than ionizing radiation (e.g., cigarette
smoking in the case of lung cancer) sex differences in sensitivity to
radiation otherwise may be small or nonexistent (4). Although many
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populations studied for radiogenic cancer risk are wholly or predominantly
male or female, the roughly equal sex distribution of the Japanese A-bomb
survivor population allows sex-specific risk estimation for most cancer
sites for which a radiation related risk has been established (4).

G. Age at Exposure

¥

One of the most interesting observations to come out of the Japanese
A-bomb survivor studies, which are based on a large population of all ages
in 1945, is that the risk of radiation-~induced cancer depends strongly on
age at exposure (5,20). This dependence is complicated by a strong re-
lationship between age and the time from exposure to cancer diagnosis but,
in general, children appear to be more sensitive to radiation than are
adults. This pattern has long been recognized for leukemia, for which we
appear to have a more or less complete picture of the excess risk among
A-bomb survivors (21,22). All age groups experienced a temporary increase
in leukemia risk, which was higher relative to the baseline risk among the -
very young. In terms of the absolute number of leukemias per capita,
however, the excess among the oldest group was fully as high as that in
the youngest group (Fig. III-2).

The pattern of age dependence has emerged only gradually for the
solid tumors, as A~bomb survivors exposed as children have reached ages
at which cancer is ordinarily an important contributor to mortality.
Relative to baseline cancer rates, radiogenic cancer risk appears to
decline with increasing age at exposure. This pattern is very clear for
cancer of the female breast (Fig. III-3) and for the thyroid, but it also
seems to hold for all solid cancers as a group {Fig. III-4). There is
clear evidence of an excess risk following exposure after age 50 for
levkemia and for digestive and other cancers (5), but not for cancers of
the female breast and thyroid (23,24). 1In general, observations on other
exposed populations are consistent with those obtained from the A-bomb
survivors, but do not have a similar breadth of coverage with respect to
age (4).

The bulk of epidemiological data on cancer risk in populations
exposed to ionizing vradiation is based on follow-up of 35 years or less.,
For many cancer sites, no excess risk is discernible until ages at which
baseline population rates are appreciable, and as a result, risk esti-
mation for persons exposed at very young ages can be difficult because,
so far, observations are few. For example, it was not until very recently,
when follow-up of the Japanese A-bomb survivors and thymically-irradiated
children in the United States was extended to 35 years or so, that it
became clear that there was an excess risk of breast cancer associated
with radiation exposure in early childhood (25,26). Age-specific risk
estimates for cancers of the esophagus, intestine, and pancreas were
formulated by the BEIR III Committee through the expedient of assuming
that radiogenic digestive cancers as a group share a common pattera of-
variation by age at exposure (4)., Without such an assumption, it is
difficult to justify estimates for these cancer sites following exposures
at young ages. Reasonable estimates can be calculated, however, for
leukemia and cancers of the thyroid, breast, bone and salivary glands.
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Although an association appears to be well established between
prenatal X irradiation and childhood cancer, the extent to which the
association may be causal is highly controversial (4,27-29). More pre-
cisely, it is difficult to reconcile an order-of-magnitude difference
between risk estimates derived from studies of the frequency of X-ray
pelvimetry, usually carried out shortly before birth (4, page 452) and
estimates derived from studies of patients given therapeutic X-radiation
during infancy (30}, or A-bomb survivors exposed in utero (31) or in
early childhood (5). It is not readily apparent that the association is
explainable in terms of a medical indication for pelvimetry that itself
confers an increased risk of childhood cancer; analyses adjusting for
variables such as birth weight, maternzl age, and a few others, have not
greatly affected risk estimates (29,32). Furthermore, analy:«s restricted
to twin births, for which medical indication for pelvimetry should be less
important, have yielded estimates similar to those not restricted to twins
(33,34). :

Experimental studies do not support a greater cancer risk from pre-
natal as opposed to postnatal exposure to ionizing radiatiom (4,35,36).
A particularly thorough experimental investigation of the influence of
age at exposure on cancer risk has been carried out by Sasaki et al. at
the National Institute of Radiological Sciences in Japan (37-40). These
studies indicate that mice irradiated with X or gamma rays at fetal, peri-
natal, neonatal, pubertal, and young adult stages of development vary
with respect to the type and fregquency of tumors developing after irradia-
tion. The ohserved differences suggest, however, a smooth variation by
exposure age and, in particular, little if any difference between exposure
at the late fetal, neonatal, and suckling stages. Irradiation during the
middle intrauterine stage, on the other hand, was followed by significantly

"lower cancer risk than that observed among non-irradiated controls, es-
pecially for tumors of lymphoreticular tissue, the lung, and, in femzles,

the uterus (38).

H. Time to Response

The plausibility of a causal association between a cancer and a
prior exposure of the patient to ionizing radiation depends partly upon
the length of time by which diagnosis follows exposure. Detection is
unlikely until hundreds of millions of cancer cells have been replicated
from what probably begins as a single transformed cell. Moreover, for
many, but not all, types of cancer the epidemioclogical evidence suggests
that events subsequent to irradiation may be required before any cellular
changes initiated by ionization can result in a transformed cell capable
of uncontrolled proliferation. Thus, for example, in irradiated popula-—
tions no excess risk of breast cancer or lung cancer has been seen until
the exposed individuals have reached ages at which these cancers usually
are observed in non-irradiated populations, which suggests that cancers
of these sites require other time-dependent etioclogic factors whether or
not exposure to ionizing radiation plays a role in their causation. Bone
cancer and leukemia, on the other hand, have appeared in excess within a
very few years after exposure in heavily irradiated populations, suggesting
that subsequent events follow rapidly, or may not be required to complete
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the carcinogenic process. Another marked contrast that &Qistinguishes
leukemia and bone cancer from most other cancers that have been identified
as radiation-related is that leukemia and bone cancer risk appears to
return to near—-normal levels within a period of 30 years or less after
irradiation, whereas for other types of cancer, the period of increased
risk is much longer and may extend to the end of life.

Reports of expert committees concerned with cancer risk from ionizing
radiation have dealt with response time mainly in relation to lifetime
estimates of risk, a purpose for which sophisticated modelling is not
always necessary. For example, in the 1980 BEIR report, radiation-induced
levkemia and bome cancer were judged to have limited expression periods
following an exposure of brief duration and lifetime risk was calculated
as 1f excess risk were constant during the third to 29th years after expo-
sure and zero before and after (4). This “plateau”™ model gave about the
same lifetime risk as would have been obtained from a biologically more
reasonable model. We know, however, as did the BEIR Committee, that
leukemia and bone cancer risk increase over time to a peak followed by a
more gradual decline, and that (for example) a radiation—induced bone
cancer 1s much more likely to be diagnosed during the 10th year after
exposure than during (say) the 4th or 28th years. The plateau model is
thus unsuitable for calculating probability of causation, and should be
replaced by models that more closely reflect observed temporal patterns.

The BEIR Committee rejected a plateau model of finite length for
cancers other than leukemia and bone cancer, because after approximately
30 years of follow-up in the major exposed populations, excess risk has
shown no sign of declining. It was noted that evidence of an excess risk
was much slower to develop than for leukemia and bone cancer, however,
and the first 10 years after exposure were ignored in the risk calculations.
Alternative models were used to project estimated risk beyond the period
of follow-up to the end of life. The "absclute risk” model is a plateaun
model that extends to the end of life; in other words, given that an
exposure of brief duration has caused a cancer, the time to diagnosis in
different members of the population is assumed toc be uniformly distributed
over the remainder of life following the minimum response time, assumed
by the BEIR Committee to be 10 years. This projection model was used in
parallel with the "relative risk” model, so called because the ratio
between the risk of a radiation-induced cancer and the average risk in
the absence of exposure, as determined from population rates, is assumed
to be the same for each year of life following the minimal response time.
Under the relative risk model, therefore, the distribution of response
time is non-uniform, varying in proportion to baseline rates which depend
upon age at observation. :

Depending upon age at exposure, lifetime risk projections according
to the absolute and relative risk models can vary markedly, with the
greatest deviation corresponding to young exposure ages. Averaged over
all exposure ages, the relative risk model lifetime projection on the
basis of follow-up data now available tends to be about 3 times as high
as the absolute risk model lifetime projection (4), because population
rates for the most important cancers tend to increase steeply with increas-
ing age. Even during the first 30 years or so after exposure, for which
the total excess risk estimated by the two models must agree because this
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is the length of the follow-up period on which the risk estimates were
based, the models differ with respect to the likelihood that a radiation-
induced cancer will occur in any given year. For example, the 1980 BEIR
report estimated that, for a 100-rad exposure at age 15, the average ex-
cess breast cancer risk during years 11-30 following exposure (i.e., from
age 25 through age 44) is 730 cancers per year per million women exposed
(4, page 198). Ignoring intercurrent mortality, about 14,600 extra

breast cancers would be predicted during this period under either pro-
jection model, compared to about 10,000 which would be expected according
to population rates. But the distribution of the excess cases differs
markedly by model. The U.S. incidence of breast cancer per million women
(i.e., the number expected to develop breast cancer at a given age) is
about 64 at age 26, 435 at age 35, and 1,314 at age 44 (41). The absolute
risk model would predict 730 excess cancers at each of these ages following
a 100-rad exposure at age 15, while the relative risk model would predict
93 at age 26, 635 at age 35, and 1918 at age 44. Looked at in another way,
in a population exposed to 100 rad to breast tissue, 92% of the total
breast cancer risk at age 26, or 730 out of 794 cases predicted according
to the absolute risk model, would be radiation-related compared to 63% of
those at age 35 and 36% of those at age 44, while according to the relative
risk model, 59% of all breast cancers observed at each. of these ages would
be considered radiation-related.

Probability of causation calculations, which pertain to a particular
cancer diagnosed at a particular time following a particular radiation ex-

“posure, clearly require an approach to response time that is more refined,

and less ambiguous, than that of the BEIR Committee. A number of authors
(42-44) have suggested that the lognormal model applied by Sartwell (45)

to the incubation period for infectious disease may be appropriate for
radiation-induced cancer. This suggestion seems reasonable for those
cancers, like bone cancer (46) and leukemia (47), that have been observed
to follow a wave-like pattern of an increase in risk followed by a decline;
it seems less plausible, or less practicable, for cancers of sites like the
lung, female breast, and digestive tract, for which radiation-related ex-
cess risks were slow to become apparent and showed no signs of declining at
last follow-up (5).

Epidemiological data permit response—time analyses for only a few
cancer sites; the crucial considerations are (a) a high excess relative
to background, i.e., so high that most of the cancers diagnosed following
exposure can be assumed to be radiation-related; (b) an exposure of brief
duration; and {c¢) a lengthy follow—up period. These criteria are satisfied
best for bone cancer data from a German pepulation given therapeutic in-
jections of radium-224, a bone seeker with a half-life of 3.6 days.
Fifty-three bone sarcomas were observed compared with only 0.2 expected,
so that essentially all the cases can be considered to be radiation-induced,
and treatments lasted less than one year (46). Less pure, but nevertheless
useful, data pertain to leukemia (21) and breast cancer (48,49) among A-bomb
survivers. The criteria are satisfied to a lesser extent by lung cancer
mortality among A-bomb survivors (5,49) and breast cancer incidence in
patients treated by X rays for acute postpartum mastitis and in tubercu-
losis patients given multiple chest fluoroscopies (50), and marginally by
stomach cancer among A-bomb survivors (5,51). Thyroid cancer presents
special difficulties because it is usually an indolent disease which may
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go undetected for a long time unless special efforts have been made at
detection, as has been the case for A-bomb survivors and practically
every other irradiated group in which an excess has been demoustrated.
Thus the somewhat anomalous finding of a continuing observation of an
excess among A-bomb survivors who were under 20 years old in 1945, and an
apparent disappearance of excess risk over time among older survivors
(24), could couceivably be an artifact of screening in which cancers that
might otherwise have been discovered in recent years had been picked up
earlier through improved surveillance.

Schematic representations of leukemia risk as a function of time
after exposure based on A-bomb survivor data resemble lognormal or gamma
distributions. These distributions, moreover, may differ by histological
type and age at exposure (47). Formal statlstlcal comparisons of dates of
diagnosis among heavily exposed A-bomb survivors with those among lightly
exposed survivors or non-exposed residents of Hiroshima and Nagasaki are
consistent with this interpretation (48).

.Comparisons of response time distributions between cancers of the
breast lung and stomach among heavily exposed persons and otherwise
similar persons with little or no exposure are remarkable for the simi-
larity they reveal (5,49,51). That is, heavily exposed persons have mote
cancers of the breast, lung, and stomach than they would otherwise have,
but the temporal distributions of the excess cancers are not distinguishable
from those of non-radiogenic cancers. This finding is plausible in terms
of a multi-stage model for carcinogenesis, in which radiation produces an
early-stage change that can also be produced by other common agents, and
in which late-stage changes are caused by events that are highly age-dependent.
If, in fact, the likelihood of early-stage changes for these sites declines
with increasing age in about the same way that the relative risk of radiation-—
Induced cancer declines with increasing age at exposure, and if the likeli-
hood of late-stage changes increases with inereasing age in about the same
way as population cancer rates increase with age, the ohserved temporal pat-
terus of radiation-induced and baseline cancer rates following a radiation
exposure should be very similar (52).

Congruence between radiation-induced and baseline cancer rates of
the same site, in persons of similar ages at observation, with respect to
temporal distribution of risk, is equivalent to the relative risk projection
model used by the BEIR III Committee. The relative risk projection model
asserts that, for a cohort of persons of given age, after the passage of
a necessary latent period, the relative risk of radiation-induced cancer
is essentially constant. It is inconsistent with the absolute risk model,
according to which the relative frequency of radiation-induced cancers
compared to baseline cancers should decline over time for those sites for
which baseline cancer rates increase with age, and it is also inconsistent
with another model, proposed by Gofman (53), in which this relative
frequency is assumed to increase for about 40 years after exposure, and
then decline. The justification given by Gofman for this model is uncon-
vincing: the increase with time in relative risk that he noted depended
upon an analysis that ignored age; the increase was a consequence of
cohort effects, in which increasing numbers of younger (and more radiation-
sensitive) women entered upon the ages at which breast cancers occur.
The decrease in relative risk postulated by Gofman is entirely speculative.
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The hypothesis is inconsistent with availahle data within 35 years after
exposure, and beyond that point there are no data with which to test it.
When age-specific analyses are done on the data used by Gofman to support
his model, no increase in relative risk with increasing follow-up is
found (5,49,50). :

Finallv, minimal response time is an essential element of temporal
distribution of risk, and one that is extremely difficult to estimate.
If cancers ate of monoclonal origin, as seems likely, the development of
a radiation-induced cancer can be considered sequentially in terms of the
transformation of an affected cell which then becomes capable of unres-
trained proliferation, followed by a growth period involving 30 or so
generations of replication resulting in hundreds of millions of cancer
cells, at which point detection becomes likely (54). Observed doubling
times for radiographically-monitored primary and metastatic tumors of
varioue sites in human patients appear to be lognormally distributed,
with considerable variation by type (metastatic vs. primary) and site
(54)., These observations, especially those of primary tumors, necessarily
occurred after many generations of replication had already taken place,
and it does not necessarily follow that the time required for the entite
growth phase can be determined by extrapolatiom. Doubling time may well
depend upon attained tumor size, the degree of vascularization, or upon
variable factors not influenced by the existence of a tumor. Also,
lognormality of the doubling time at any stage of tumor growth does not
necessarily imply lognormality for the total time necessary for growth;
for example, if the process were characterized by some degree of statistical
independence between growth rates at different times, a more nearly symmetric
temporal distribution would result.

Tumor doubling-time data are intriguing in their implications for
radiation carcinogenesis as a multi-stage process. if tumor growth tended
to begin quite soon after irradiatiom, & wave-like temporal pattern of
excess risk might be expected on the basis of growth kinetics alone. If,
on the other hand, the beginnings of tumor growth were distributed over
time in such a way as to produce a2 constant ratlo between excess and back-
ground risk, there should be an initial period of several years during
which, due to growth kinetics, the relative excess slowly increases from
an initial value of zero to its eventual value.

I. Models for Dose Response and Dose Rate

To predict the risk of cancer at a given radiation dose from empirical
observations of effects at other doses, one must use a mathematical model
relating cancer incidence to dose. Various mathematical models have been
proposed for the purpose (4,6,55); however, the empirical data are so
imprecise in most instances as to be compatible with any of the available
theoretical models. Hence, the choice of the most appropriate model is a
matter of expert judgement.
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For carcinogenesis, in general, and radiation carcinogenesis in
particular, there are strong grounds for questioning the assumption that
the dose-response relationship has a threshold (4,6,56-59). The evidence
that many, if not most, cancers arise from a single cell (60), the putative
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role of DNA or chromosomal damage in carcinogenesis (61-66), the heritable
nature of the neoplastic transformation in somatic cell lines, and the
linear-nonthreshold nature of the dose-effect relationship for radiation-—
mutagenesis and chromosome aberration induction in the low-dose region
(6,67) imply that radiation-induced damage to the DNA or to the chromosomes
of a single somatic cell may, under certain conditions, exert a potentially
carcinogenic stimulus, even at the lowest radiation exposure level.

The extent to which host factors such as immune surveillance can
introduce a practical threshold by delaying the onset of detectable can-
cer beyond the life span cannot be calculated at present. The existence
of a complicated series of enzymes that repair DNA does not favor any par-
ticular model for interpolation of cancer incidence at low doses of radia-
tion, since repair does not operate with total effectiveness. In addition,
unless other carcinogenic agents act through unrelated mechanisms, the
heterogeneity of the human population and the baseline incidence of cancer
are high enough so that any dose of radiation may be conceived to increase
the risk of cancer in the most sensitive members of the population (68-70).
For these and other reasons, the assumption of a threshold for radiation
carcinogenesis is currently not considered to be tenable for purposes of
risk assessment, '

If we are interested in the risk from lower-dose exposures, it is
necessary to have an extrapolation rule or dose-response model by which
the estimated high-dose risk determines lower-dose risk estimates. A
fairly simple rule is to assume that excess risk is proportional to the
number of ionizations produced in the tissue at risk, that is, proportional

to absorbed dose. This rule is equivalent to drawing a straight line from

a point representing zero excess risk at zero dose (natural background
radiation levels) to the point representing the excess risk estimated at
whatever dose was received by the population studied (the so-called linear
model). Other rules, not based on a simple proportionality between dose
and risk, correspond to curved lines. A general model widely accepted in
experimental and theoretical radiobiology for stochastic effects (muta-
genesis and carcinogenesis) of low-LET radiation allows for an unspecified
degree of positive curvature corresponding to interactions between two
radiation tracks, and negative curvature, influential mainly at high dose
levels, corresponding to the competing effect of cell inactivation (4).
The model assumes that two ionizing events are more likely to produce a
biological effect if they occur very close together than if they are
separated; because ionizing events tend to be widely spaced aleng low-LET
tracks, closely-spaced events are likely to be at the intersections of
different tracks and their probabilities are approximately proportional to
the square of dose. A frequently observed, and related, ‘phenomenon is
that acute exposures to low-LET radiation tend to be more effective than
the same amount of radiation delivered continucusly over time or delivered
in several fractions separated by periods of time. This, too, is thought
to reflect variations in the likelihood that two ionizing events will
occur close together in time and space. Such an occurrence is less
likely if the events are not simultaneous, because the damage caused by
the first ionizing event may be repaired before it can interact with the
damage from the second event.
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The above considerations do not apply to high-LET radiation, for
which close spacing of the ionizing events along the radiation tracks is
the rule, rather than the exception. Both theoretical and experimental
studies suggest that, for high-LET radiation, the dose-response tends to be
linear but is modified by negative curvature, mainly at high dose levels,
due to cell inactivation. The data also indicate that fractionated or
protracted exposures to high—LET radiation tend to be no. less effective
than acute exposures for the induction of stochastic effects (4).

Data on laboratory animals can provide principles to guide extra-
polation from effects at high radiation doses to predict effects at low
doses. For measuring small effects, however, such large numbe:s of animals
are required that no experiment has been performed on a scale that suffices
to define the dose-incidence relationship for carcinogenesis in different
organs at doses below 10 rad. Furthermore, in most species of laborator: L
animals that are convenient to use (mice, rats), the "natural”™ incidence / s
of cancers differs markedly among strains, as do the shapes and slopes of
the dose-incidence curves for radiation-induced cancers (6). 1In some
strains of mice, for example, breast cancers occur spontaneously in nearly v
100% of females, whereas the incidence is 1% or less in the females of
other strains; the effects of radiation on the incidence of such cancers
vary similarly. These differences among strains appear to depend on
genetic variations which are magnified by the highly inbred character of
laboratory mice. Because of the highly outbred character of the human
population-~in which the incidence of cancer appears to be influenced
more by differences in the environment, diet, and iifestyle than by ge"
etic factors--animal-to-human extrapolations are fraught with uncertainiy.
For this reason, quantitative risk estimates for man have generally reliad
primarily on human epidemiological data (4,6).

Epidemiological data are not very informative about the choice of a
dose~response model, for the same reasons that low-dose data tend not te¢
be informative about excess risk (71). This is true even when the possi~-
bility of high~dose cell inactivation is ignored. The two cancer sitec for
which linearity with low-LET radiation is strongly suggested, the thyroid
and the female breast, are in fact the only two for which there is much
direct evidence for an excess risk from external exposures under 50 rad
(24,72,73). For other cancers, including leukemia, dose-response ani: yses
using general models, in which details of curvature are not fixed i:
advance, tend to yield risk estimates with very wide confidence iim: .
Also, less general models with specified curvature, which may be loce’ed
anywhere in the range from linear to pure quadratic, tend to fit the
available data more or less equally but produce a great variation in the
estimated risk at low dose levels (4,71).

The related phenomena of variable increases in risk per rad depen-
ding on dose or dose rate can be handled crudely by the use of a dose-rate
reduction factor, according to which the effectiveness of a high radiation
dose delivered at a low dose rate or in many fractions is assumed to be
several times smaller than that of the same dose delivered acutely. A
more refined method uses a linear—quadratic dose-response model in which
the quadratic coefficient is assumed to depend on dose rate - that is,
the model as given corresponds to acute exposures and the guadratic co-—
efficient is reduced for protracted exposures. Various official bodies
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‘to those derived from average thyroid doses of 9 rad in Israeli children

have used different approaches. The United Nations Scientific Committee
on the Effects of Atomic Radiation (6) used a dose-rate reduction factor
of 2.5, while the National Council on Radiation Protection and Measurements
(55) gave a range of 2-10 for this factor and recommended the use of a
linear-quadratic dose-response function. The 1980 BEIR Committee chose a
linear—-quadratic model for low~LET radiation in which the excess risk is
proportional to D + 0.0086D2, where D is the dose in rad (4). The linear
term (proportional to dose) dominates below a so-called crossover dose of
116 (= 1/0.0086) rad and the quadratic term (proportional to dose-squared)
dominates above that dose. This crossover dose, which was obtained by
curve—fitting to A-bomb survivor leukemia data, is consistent with those
obtained for chromosome aberrations in circulating human lymphocytes and
in a number of studies iavolving chromosome aberrations and mutations in
experimental animals or mammalian cells in culture (74).

prrEmm—}

It is generally agreed (4,55) that the linear term of the linear-
quadratic dose-response model is unaffected by dose fractionation and by
variations in dose rate, and that the quadratic term should become smaller
as fractionation increases or the dose rate decreases. Thus, the BEIR
committee used only the linear term of the linear-quadratic model to
estimate risk from continuocus exposures to 1 rad per year (4). Based on
the data for mutation production in Tradescantia by gamma radiation (55),
it appears that one may reasonably apply the linear term alone to continuous
exposures to low LET radiation at dose rates several orders of magnitude
higher (e.g., 0.0l rad per hour which corresponds to about 90 rad per year
continuous exposure).

For cancers of the breast and thyroid gland, linearity of the dose-
incidence relationship is suggested by the available data. -For example,
the risk coefficients derived from the carcinogenic effects of high
thyroid doses in infants treated for thymic enlargement (30) are similar

treated with X rays for tinea capitis (73). Similarly, risk coefficients
for breast cancer in A-bomb survivors are essentially the same whether
derived from the effects of doses below 30 rad or from the entire range

of doses (72); furthermore, the incidence of breast cancer per unit dose
in women who received their irradiation in daily occupational exposures

as dial painters (75) or in many small, widely spaced:exposures during
multiple fluoroscopic examinations of the chest appears to be essentially
the same as in women who received their irradiation in a single instantan-
eous exposure to atomic bomb radiation or in a few hrief.exposures during
radiation therapy (50).

The BEIR III Committee did not incorporate the competing effect of
cell inactivation, mainly at high dose levels, into its risk calculations, 5
although it did consider the problem theoretically (4, p. 182). There

]

- appear to have been three reasons for this: First, the Committee had

great difficulty obtaining useful information by fitting even a linear-
quadratic dose-response model to the available data, and better results
could not be expected from a more complex model. Second, the Committee
relied heavily on data from the studies of Japanese A-bomb survivors, for
whom exposures were fairly uniform over the entire body. Doses high
enough to reduce the carcinogenic response appreciably through the com-
peting effect of cell inactivation might well be in the lethal range for
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man when delivered to the whole body. Moreover, the A-bomb survivor data
gave no clear evidence of a high-dose downturn in the carcinogenic response.
Finally, the BEIR Committee was concerned mainly with applications to low-
dose exposures, for which the competing effect of cell inactivation is

not a serious consideration. Nevertheless, cell inactivation at high

dose levels is a likely explanation for increases in leukemia risk that

have been lower than would be predicted among patient populations given
partial-body exposures, and partial-organ exposures in terms of active

bone marrow, at therapeutic dose levels for the treatment of ankylosing
spondylitis (76) and cervical cancer (77).

J. Modifying Effects of Other Exposures

The literature of experimental carcinogenesis abounds with examples
in which a co-carcinogen or promoting agent has been found to modify the
level of effect, or even the shape of the dose-response curve, for radiation
carcinogenesis. Examples in the epidemiological literature are rare, but
not unknown. Increased skin cancer risk was found among persons given
epilating doses of X rays as children for treatment of tinea capitis, but
the cancers occurred more commonly in those irradiated areas with high
levels of exposure to sunlight, did not occur in blacks, and among whites
occurred preferentially in persons with light complexions (78). Smoking
and radon exposure were found to interact multiplicatively among U.S.
uranium miners in the causation of lung cancer (79); that is, increased
risk per unit radiation dose was many times higher among smokers than
among nonsmokers. On the other hand, an additive rather than multiplica-
tive interaction was found among Swedish iron miners (80) and Japanese
A-bomb survivors (81). The similar excess breast cancer risks among
Japanese A-bomb survivors and medically jrradiated U.S. women (50) suggest
that whatever causes American women to have about 5 times the lifetime
breast cancer risk of Japanese women does not interact synergistically
with ionizing radiation.

In summary, little is known about the influence of other physical
and chemical agents on radiation-induced cancer risk in man, and what
little is known is generally consistent with additive interactions, at
least for low-LET radiation. The experimental literature suggests that
synergistic relationships exist, but they are yet to be discovered in
humans, and we do not know how important they are relative to other
determinants of risk. :

B

¥. Extrapolation from One Population to Another

As mentioned above, epidemiological data relating cancer risk to
radiation exposure come from a variety of exposed populations but predom—
inantly from patients given diagnostic or therapeutic X radiation and the
Japanese A-bomb survivors whose exposures were chiefly to hard gamma
radiation. Basing risk estimates on these data requires assumptions
about the comparability of the irradiated populations on which the esti-~
mates were based with the population to which the estimates are to be
applied.

£

SU—
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For example, the population rates not influenced by radiation
exposure among the Japanese A~bomb survivors and their neon-exposed, local
comparison group are similar to the USA population rates for leukemia but
far lower for breast cancer and far higher for stomach cancer (82). The
question arises: Should the absolute excess risk attributable to radiation
exposure, that is, the difference between total risk and that expected
according to population rates, be assumed to be the same for an irradiated
USA population as for a similarly exposed group of Japanese A-bomb survivors,
or should the excess be scaled proportionally to the underlying population
rates? Both these extrapolation rules are very simple, even crude, and
there is little information to support more complicated rules. ‘

In general, absolute excess leukemia risk appears comparable between
Japanese A-bomb survivors and medically irradiated Western populations
with similar doses at similar ages (4). Comparisons between the A-bomb
survivors and two medically irradiated USA populations with respect to
breast cauncer risk suggest that the absolute excess risk is about the same
in all three populations, for similar ages at exposure, in spite of a
five—fold difference in the underlying population rates (50). At high
dose levels, the excess stomach cancer risk among British patients given
X ray therapy for ankylosing spondylitis was not much different from that
in A-bomb survivors of similar ages at exposure (5,83,84).

Radiation is believed to affect an early stage of the multi-stage
process that results in cancer at least for breast cancer and perhaps for
other cancers as well. If that is so, then the effect of other agents
which act at an early stage would be simply to add to the effect which
results from radiation. That the causes of excess stomach cancer in
Japan act on early stages is implied by the fact that among Japanese
migrants to the United States, although stomach cancer rates do decline
from the Japanese levels to those which characterize the host country,
they do so only after a very long delay--several decades (85). The
lmplication is that the initial events had already occurred before the
migrant left Japan.

A possible contradiction between the constant relative risk model
for time to response and the absolute risk model for projection from one
population to another has been pointed out by Land et al. (50) and by the
National Academy of Sciences Oversight Committee on Radioepidemiologic
Tables (86). Briefly, if the ratios of baseline rates in the two popula-
tions vary markedly by age at diagnosis, it seems unlikely that both
models can hold. In the case of breast cancer, baseline risk is about &
times higher in the United States tham in Japan, based on age-adjusted
rates from the Counecticut, Miyagi Prefecture, and Nagasaki City tumor
registries (82). On an age-specific basis, however, this ratio varies
from less than 3 at ages under 50 to more than 6 at ages over 70. Thus,
if the variation of baseline risk over time following some event, like a
radiation exposure, is truly represented in both populations by the
published population rates, and if within both populations the constant
relative risk model holds, then, for an exposure at age 20 (say), estimates
of average yearly absolute excess risk should not agree between Japanese
and Americans both for the period 10-30 years after exposure and the
period 40-~60 years after exposure. Conversely, if measures of absolute
risk agreed between the two populations for any similar follow-up period,
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the distribution of excess risk over time should not follow the constant
relative risk model in both populations. Yet the evidence which suggests
that both models hold, or rather, that the two models are simultaneously
consistent with epidemiological experience, was obtained largely from
extensive follow-up data on breast cancer among Japanese atomic bomb
survivors and North American populations exposed to medical X ray (49,50).

The apparent contradiction in the case of breast cancer would appear
to have been resolved by Moolgavkar and Lee (87), who point out that pub-
lished age-specific population cancer rates of the type cited above
(e.g., from reference 82) are based on relatively short observation
periods, and that rates for different ages at observation correspond to
different birth cohorts. Moreover, they offer evidence that, within
cohorts, the distribution of baseline breast cancer risk among Japanese
women follows a common pattern, similar to that seen in western societies,
but that the overall level of risk, at similar ages at observationm, varies
considerably by birth cohort. Breast cancer risk has steadily increased
in Japan, and women born within the last 50 years or so are at higher
risk than women born earlier. This trend is reflected in published
population rates, which show proportionzlly lower risks at older ages
because the women whose experience contributes to these rates are members
of cohorts whose overall breast cancer risk is low. In the United States,
on the other hand, breast cancer risk has been remarkably stable over at
least the past 30 vears (88), and therefore published age-specific rates
are a better indication of the temporal distribution of baseline risk
within a birth cohort. It should be noted that the analyses of Japanese
atomic bomb survivor data, on which the inference of a constant relative
risk over time after exposure is largely based, involved comparisons of
cancer risk between heavily exposed and lightly exposed or nonexposed
menbers of the same birth cohorts (5,48,49,50).

The above discussion demonstrates that no contradiction exists
between the constant relative risk model for distribution in time and the
constant absolute risk model for projection of risk from one population
to another in the case of breast cancer. It does not demonstrate a
similar lack of contradiction for all other cancers to which the models
might be applied. 1In general, however, patterms of age-specific cancer
risk do not differ between Japan and the United States to the same extent
for such other cancers as they do for breast cancer (82), and it is there~
fore less likely for a contradiction between the two models to become’
apparent. To the extent that risk variation by age in the United States
may reflect cohort effects, it would of course be preferable to apply the
constant relative risk model, if appropriate, to cohort-specific baseline
rates. That may be possible decades from now, when extensive cancer
incidence data have been accumulated over many years, but it is not
practicable at the present time.

Overall, the evidence favors absolute, as opposed to proportional
transport of risk from one irradiated population to another. 1t should be
noted, however, that the choice of the absolute model is based on data
for only a few cancers and populations. For example, some population
differences in cancer risk conceivably might depend upon differential
exposure to an agent that interacts synergistically, or antagonistically,
with radiation, and in such cases, the absolute model would not hold. As
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with models for low-dose extrapolation of risk, the unresolved issues for
extrapolation from one population to another involve questions fundamental
to the nature of carcinogenesis.
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Figure ITI-1. Radiation exposure of a typical person in the U.S.
from natural and man-made sources. [Redrawvm from ref. 1.]
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Chapter IV: THE PROBABILITY OF CAUSATION

A. General

The word "probability” has a number of definitions, but even maore
protean is "cause” or "causation.” We are satisfied that the "cause” of
the light going on 1is the closing of the electric circuit. But what is
the "cause” of a case of tuberculosis? The answer is usually "infection
with the tubercle bacillus, of course.” But the inhalation of a modest
number of tubercle bacilli will be followed by clinical disease in only
a minority of persons or experimental animals. Some individuals are more
susceptible than others. 1Is the "cause” of clinical disease in a given
person the bacillus or the susceptibility, or both? Those who consider
this example strained might reflect that, 100 years ago, virtually everyone
who lived in a crowded, poor, urban environment was infected by tubercle
bacilli, yet only a minority contracted clinical disease. 1In some sense,
in that situation, the "cause” of tuberculosis was susceptibility.

The above is preliminary to a definition of what we mean here by
"probability of causatiocn.” We must define the term not only precisely,
but so that it leads to a unlque mathematical formulation that will
govern the calculations required for the radioepidemioclogical tables.

The definition that we give below is the operational definition for this
expression. The definition carries with it certain implications, some of
which reflect important policy decisions.

B. Definition

Let a particular possible outcome event be denoted C. Let X (a
vector) denote the particular set of individual characteristics. Denote
the presence ¢f a possible cause by D and its absence by D.

Then P(C, D;X) is the probability of outcome C if D is present,
conditional on the characteristics X. Similarly, P(C, D;X) is the prob-

ability of outcome C if D is not present. Then D is a possible "cause”
of C only if

P(C, D;X) > P(C, D;X).
Define Ex(C, D;X) = P(C, D;X) - P(C, D;X).

as the increase in the probability of C due to the presence of D. Then,
the probability of causation of C by D, the PC, is defined as:

PC(C, D;X) = Ex(C, D;X)/P(C, D;X). (1v-1)
In words, the PC is defined as the increase in the probability of C
due to D as a proportion of the probability of C given D, everything

conditional on the characteristics X.

Note that the PC does not allocate causation as between character-
istics X and Y. 1If, for example, the event C is the occurrence of lung

- 42 -




cancer, and if D is exposure of the lung to 20 rad of gamma radiation,
while X and Y represent, respectively, being a regular cigarette smoker,
or a non-smoker, then according to our definition, PC(C, D;X) measures
the probability of causation of lung cancer from 20 rad among smokers and
PC(C, D;Y) that among non-smokers.

Although it can be argued that cigarette smoking is a far more
important cause of lung cancer than is ionizing radiation, our work
addresses the radiation risk exclusively: Given a person, with whatever
risk factors may apply to him, what is the probability that the documented
radiation dose that he received was the "cause” of his cancer? This may
be interpreted as: what proportion of his total risk resulted from the
radiation? Although the question might be asked (and answered), we do
not address "What proportion of the risk resulted from smoking?” or “"What
proportion arcse frow the combination of smoking and radiation?”

The ph}ase "Probability of Causation” is intuitively appealing, but
the ratios so designated are not probabilities in a mathematically rigorous
sense. It must be recognized that different persons vary as to their
{prospective) chances of having cancer. Besides age and sex, other
characteristics such as diet, exposures to carcinogenic chemicals, genetic
factors and a host ¢f others, some of which can only be guessed at, all
combine to increase or decrease from the average value the chance that a
specific person will contract a particular kind of cancer. For present
purposes it is possible to take account of only a limited number of such
characteristics, principally age, sex and cigarette smoking habit. The
probabilities of cancer, then, are average values for all persons in a
given class, for example, male non-smokers aged 35 years. The Probability
of Causation that is calculated for an individual in that class will be
more or less correct as his personal characteristics match or vary from
the average in the class. Nevertheless, our procedure assigns the same
PC to all members of the class. ’

Evidently, were the classes defined differently - for example, by
specification of residence in Utah, the calculated PC might well change.
In effect, our procedure partitions the population of the United States
into a set of mutually exclusive classes, by sex, age and smoking charac-
teristics. These characteristics were chosen because 1) they affect
cancer rates in important ways which can be specified from available
data, and 2) every person can be assigned unequivocally to one of the
classes.

It has been suggested that the term "Assigned Share” would more
accurately describe the ratios that are calculated (1). We are, however,
constrained by the legislative mandate embodied in Public Law 97-414
wherein the specific term "Probability of Causation™ is employed.

Although the PC as defined can be calculated prospectively, it
would have little meaning for any person because of its specificity as to
type of cancer and date of diagnosis, as well as tissue dose and age at
exposure. Following the imposition of cause D, an individual may be
interested in P(C, D;X) - "What is the probability that C will occur?” or
in P(C, D;X) ~ P(C, D;X) - "By how much has the probability that C will
occur been increased?”, but PC(C, D;X) tells him that if the event C does
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occur, then PC(C, D;X) is the probability that D is the "cause” in
the sense described above. In short, PC(C, D;X) will usually be of
interest only retrospectively; supposing event C (a cancer) has
occurred, what is the probability that D was the cause?

C. Specifics

The discussion above is purposely quite general. To be more
specific:

The event C will be the occurrence (clinical detection)

of a particular cancer that is known to be inducible by
ionizing radiation and for which specific estimates of the
risk from particular radiation doses can be made.

The cause D will be the receipt, by the organ in which the
cancer has arisen, of a specified radiation dose.

The characteristics X of the person under consideration
will include, at a minimum, the age at which the radiation
was received, the number of years after radiation when the
cancer was diagnosed and the sex of the individual.

We shall usually he concerned with annual rates of occurrence,
the rate representing the yearly number of cases of C per 100,000 or
per million persons. )

~ The values P(C, D;X) will be identified with the incidence rates
provided by the SEER Program (2) for the years 1973-1981 for all
areas, excluding Puerto Rico. Although, formallv, an incidence rate
is not a probability, the numerical difference is trivial over any
interval for which the probability of death from all causes is small.
We shall refer to these rates as the "RBaseline Rates.”

D. Calculational Formulas

There is a calculational advantage in expressing the PC in terms
of the relative excess risk R = R(C, D;X), defined as the increase
due to D as a proportion of the probability of € in the absence of D:

R(C, D;X) = Ex(C,D;X)/P(C, D;X).

Writing P(C,D;X) as the sum of Ex(C,D;X) and P(C, B}Xl and dividing
both the numerator and denominator in (IV-1) by P(C, D;X), we obtain

PC(C,D;X) = R(C,D;X)/(1l + R(C,D;X)). : (1V-2)

The advantage of expressing the PC in terms of R is that R is
the simple product of several quantities that are naturally thought of
separately, and that can be either calculated using simple formulae or
presented in tables. For example, in Chapter X, Section 10, we find
that the relative excess of breast cancer following exposure to radiation 1
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is proportional to dose and that, for a single exposure to low-LET radia-
tion at age 15, the relative excess for a typical American woman is .0107
times dose in rad, at any time more than 10 vears after exposure (Table -
%¥-10). If a cancer should be diagnosed at age 37, for example, following
exposure at age 15 to 30 rad, the relative excess would be R(breast cancer,
30 rad;age 15, 22 years) = (30)(.0107) = 0.321, and the PC would be
0.321/1.321 = .243 or 247,

E, Cases in which US Baseline Incidence Does not Apply

PC calculations based on SEER values for baseline c=zmcer incidence
require the assumption that the individual in whom cance: ~-as diagnosed
following a documented radiation exposure would have been, in the absence
of that exposure, “typical™ of the IS population for his or her age and
sex with respect to cancer risk. But the subject may have had an atypical
history of exposure (or nonexposure) to known carcinogens or may have ex-
perienced other life events associated with a higher or lower cancer risk
than average. Or the subject mav be a member, perhaps even a “typical”
member, of an ethnic, religious, or other population subgroup known to
have cancer rates higher or lower than the U.S. population as a whole.
Should the PC calculations be modified in such cases, and if so, how?

Having introduced the problem, we should also make it clear that it
is a problem about which very little is known. Although experimental
studies have demonstrated that levels of carcinogenic response to ionizing
radiation can be modified drastically through the use of certain so-called
“promoters™, agents that do not in themselves appear to initiate the car-
cinogenic process, we do not know whether or not similar agents contri-

"bute to human cancer risk associated with radiation. It is by no means

clear, at this time, whether people who are at high risk of cancer in the
absence of radiation exposure are more sensitive than other people to the
carcinogenic effects of radiation. Epidemiological research in the area
of combined effects of different risk factors is difficult because combin-
ations that might be of interest are relatively rare, and in the case of
radiation and other factors, such epidemiological study is just beginning.

The estimates of cancer risk from radiation exposure presented by
the BEIR IIl Committee were based on syntheses of data from various ex-—
posed populations, some of which, like the Japanese A-bomb survivors,
have cancer incidence levels for certain cancer sites that are very
different from U.S. rates. Making the estimates involved the implicit
assumption that the carcinogenic effects of radiation are additive with
respect to whatever factors are responsible for differences between
population cancer rates. This assumption appears to hold for breast
cancer in the case of Japanese and American women (3), for whom population
rates differ by a factor of 4 or 5, and it is not inconsistent with data
on radiation—-induced stomach cancer in A-bomb survivors and British
patients treated with X radiation for ankylosing spondylitis (4)}. There
may be other sites for which the assumption does not hold, but we have no

-way of knowing at present.

Clearly, the problem of calculating PC values in the presence of dif-

ferences in total cancer incidence because of exposure to other carcinogenic
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agents, personal history with respect to factors related to cancer risk,
or membership in a particular population subgroup, is fraught with uncer-
tainty. The problem is not difficult given certain assumptions, as
illustrated in subsequent sections, but with very few exceptions the
informational basis for such assumptions is lacking. Without such inform-
ation, any rule for making use of additional cancer data is necessarily
arbitrarv, and it may be preferable simply to proceed as if the subject
were a typical member of the U.S. population. ’

F. Multiple Radiation Exposures

1f two radiation exposures to doses Dj and Dy, respectively, would,

if given alone, result in excess risks E{Dj;) and E(D;) at an age for which
the baseline risk is I, and if they are separated in time by a day or more so
that they do not interact, it is assumed that the excess from the two expos-
ures is the sum of the respective excesses, E(Dy,Dp) = E(Dy) + E(Dz). The
relarive excess for the two exposures, R(Dj,Dy) = E(D1,D2}/I, is therefore
the sum of the separate relative excesses, each computed as if only one had
occurred:

R(D{,D3) = E(Dy,D3)/T = E(Dy)/I + E(D)/I = R(D1) + R(Ny).

Clearly, a PC calculation should be based on both the exposures
or, if only one is of interest (perhaps one was voluntary and the other
involuntary), the calculation should take account of the fact that the
total risk was altered by the other exposure. If the first exposure is
the one of interest, the calculated relative excess should take account
of that by replacing I with

1' = I x (1 + R(D3)).

It will be convenient to write W(Dy) = 1/(1 + R(D3)), so that I/I' = W(Da).
The relative excess for the first exposure given the second then is '

R(D1;Dp) = (E(Dl,ﬁz)—E(Dz))/I' = E(D1)/I' = R(Dy) x W(Dy). (1v=-2)

The role of W(Dy), therefore, is to put the relative excess due to D; in the
context of the baseline risk as altered by Dy. The PC value for the first
exposure given the second is

PC(D13;D2) = R(Dy;Dp)/(1+ R(Dy;Dp)) = (R(D1IW(Dy))/{1+R(D1)W(D3)),
a number different from and, in this example, smaller than the value

PC(Dy) which would have resulted if the second exposure had not taken
place.

G. Modification of the PC Formula To Take Account of the Effects
of Exposure to Carcinogens Other Than Radiation

A person with a malignant neoplasm of a kind that can be induced by
radiation may have a history not only of radiation exposure, but also of
exposure to other carcinogens that may be significant with respect to
that particular cancer. Cigarette smoking or benzene exposure are examples.
The PC has been defined as being conditional upon individual characteristics,
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among which are included other carcinogenic exposures, but it may vary
depending on the presence (or absence) of exposure to other carcinogens.

It is not possible to modify the PL formula to account for every
possible exposure that can be listed. For example, prolonged exposure to
inhaled asbestos fibers is a risk factor for lung cancer and for mesothe-
lioma. Although mesothelioma has not beeun shown definitely to he induced
by ionizing radiation, lung cancer has. If possible, therefore, it would
be desirable to take explicit account of the possible role of asbestos
exposure in the causation of a lung cancer in, for example, a shipyard
worker who had radiation exposures while working as a radiographer examin-
ing welds, who alsc had spent several vears installing asbestos insulation,
and who smoked two packs of cigarettes daily. It is impossible to undertake
$0 complete an analysis at this time, because data concerning such combined
exposures are not available, and further because we are not yet able to
classify asbestos exposures adequately with respect to lung cancer risk
in relation to duration and intensity of exposure or exact type or fiber
size of mineral.

Models

The way in which exposure to another carcinogen affects the PC
depends upon the magnitude of the carcinogenic effect of that factor in
the presence or absence of radiation. Although the interaction between
the two factors might, theoretically, be extremely complex (even anta-
gonism might occur), two interaction modes are especially simple and
natural, and we confine our further attention to them. Those modes are
the multiplicative and the additive. We avoid using the term "synergism”
because 1t has been used by different writers with somewhat different
meanings, although some have defined it to mean what we call multiplicative
interaction and others as more than additive interaction.

(1) The Additive Interaction Model (AIM)

If the total excess risk from a radiation exposure and from another
risk factor is assumed to be the sum of the excess risks from each of the
two taken separately, we say that thev interact additively. This is what
was assumed (on the basis of extensive information) for two radiation
exposures in section F above. As in that section, if R(D) denotes the
relative excess for radiation at dose D and R(Z), the relative excess for
another factor at level Z, the relative excess for both factors combined
is ‘

R(D,Z) = R(D) + R(Z).

Defining, in continuing analogy with section F, the altered baseline due
to Z as

I' = I x (1+R(2)) = 1/W(2Z),
the relative excess for radiation given the other factor is

R(D;2) = (E(D,Z)-E(Z))/I' = (R(D,Z}-R(Z)) x W(Z) = R(D) x W(Z). (1IV-3)
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The PC for radiation given the other factor is

PC(D;2Z) = R(D:;Z)/(1+R(D;2)) = (R(DY x W(Z)}/(1 + R(D) x W(Z)).

(2) The Multiplicative Interaction Model (MIM)

1f the relative risk {(the relative excess plus one) due to two risk
factors is the product of the relative risks for the two factors taken
separately, we say the two factors interact multiplicatively. Thus, if
radiation interacts multiplicatively with another factor, the relative
excess for radiation at dose D and the other factor at level Z is

R(D,Z) = (1 + R(D)) x (1 + R(Z)) - 1, ' s
and the relative excess for D given Z is

R(D;Z) = (E(D,Z)-E(Z))/1"

(R(D,Z)-R(2}) x W(Z)

= R(D) x (1+R(Z)) x W(Z) = R(D),

and PC(D;Z) = PC(D).

H. Cigarette Smoking and Lung Cancer

The most important risk factor which may be confounded with radiation
in the causation of cancer is cigarette smoking, especially in relation
to cancer of the lung and bronchus.

As has been shown, if a multiplicative interaction holds then the
PC's for radiation causation do not vary according to the smoking history
(nor would the PC's for smoking history vary according to the radiation
~history). Whittemore and McMillen (5) concluded that in a group of .
nearly 3,400 uranium miners, an MIM appeared to hold as between exposure :
to radon measured in cumulative Working Level Mcaths and cigarette smoking
measured as accumulated pack-years (one pack-vear is oune year's experience
smoking one pack daily).

On the other hand, Prentice et al. (6) found that in a group of
more than 40,000 residents of Hiroshima and Nagasaki, some of whom were
exposed to a wide range of acute doses of radiation from the atomic bombs
in those cities, the MIM definitely did not hold for death from all
non-hematologic cancers and, specifically for lung cancer, the AIM fit
the data better than the MIM. :

Further, Blot et al. (7), in a case-control study of lung cancer in
Hiroshima and Nagasaki have demonstrated that radiation and smoking inter-
act in an additive way in the causation of lung cancer.

It is possibhle that the difference in results obtained by the
several groups stems from an intrinsic difference between a radiation
dose of sparsely ionizing radiation (gamma rays) received in a matter of
seconds (A-bomb) and a dose of densely ionizing radiation (alpha-particle-
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emitting radon daughters) received over a period of years. 1In any case,
we will illustrate the calculations appropriate to the AIM.

(1) The Additive Interaction Model for Cigarette Smoking
and Lung Cancer.

The AIM formula (see Chapter IV~-G) for a given level s of smoking
is:

R(D;s) = R(D) x W(s)
where
W(s) = 1/(1 + R(s)), (1v-4)

and where R(s) represents the relative excess for smoking levels as
compared to baseline lung cancer incidence.

Baseline incidence depends upon age; however, from Kahn's data (8),
it is evident that R(s) can be treated as independent of age. Because
baseline incidence corresponds to the general population of smokers and
nonsmokers, R(s) is negative for smoking levels s corresponding to lung
cancer risks less thar average, such as nonsmoking, and the average over
all levels of R(s) is zero. Thus, if p(0), p{(1),s..,p(k) is the distribu-
tion of the general population over integer values of s from s = O for
nonsmokers to s = k for heavy smokers,

pCOY(1+R(0))+. .. +p(kI(1+R(K)) = 1. (1V-5)

Published values of the relative risk RR(s) of lung cancer at
various smoking levels compare the rate at each level to that among
nonsmokers, and can therefore be written as

RR(s) = (1+R(s))/(1+3(0)). (Iv=-6)
Therefore equation (IV-5) can be rewritten as
p(0) + P(1YRR(1)+...+p(k)RR(K) = 1/(1+R(0)) = W(O). (IV-7)

1f the values p(s) and RR(s) are known then W(0) can be calculated from
IV-7 and W(s) can be calculated from W(0), IV-6, and IV-4 for s =
1,2,04e,k as W(s) = W(O)/RR(s). {(1v-8)

The data on incidence of lung cancer used here refer to the period
1973-1981; we use data concerning smoking habits for the year July, 1964
- June, 1965 published by the National Center for Health Statistics (9).
Since the SEER incidence data for the years 1973-1981 center on the year
1977, we apply the smoking percentages obtained in 1964-1965 to the
incidence rates at ages ten years later; that is, for example, we apply
the percentages obtained in 1964-1965 at ages 25-44 to incidence data for
ages 35-54.
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Text Tahle A

We copy the values of RR(s) from Rogot and Murray (1Q).

p(s)*
RR(s) Males Females
Nonsmokers 1.00 29.82 59.01
Former smokers*#* . 3.97 19.23 7.81
Present cigarette smokers - all 11.28 50.95 33.18
fresent amount®¥*

<10/day | 3.89 13.56 13.50
10-20/day 9.63  24.72 15.02
21-39/day 16,70  11.24 4437
40+/day | 23.70  1.43 0.30

of known amount.

current cigarette smokers.

11-20; 21-40; 41 and over.
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*NCHS 10-34 shows a small number (3.3 percent of male smokers
and l.6 percent of female smokers) of unknown present amount;
we have distributed these proportionately to the categories

**The value of W for former smokers applies to persons who stopped
smoking cigarettes at least five years prior to onset of lung
cancer. The data of Rogot and Murray (10) show that during the

1 first five years after cessation of smoking, the risk of death

from lung cancer is actually more than one and one-half times

that of current smokers, implying that some stop smoking because
of early symptoms of what eventually will prove to be lung cancer.

It seems most appropriate to treat such persons as if they were

***The class intervals shown here afe those used by Rogot and Murray
(10); the NCHS 10-34 intervals are slightly different; less than 11;




From equation IV~7 we obtain:

Males +2982 + 3.97 x .1923 + 11.28 x .5095 = 1/(1+R(0))
| Females 5901 + 3.97 x .0781 + 11.28 x .3318 = 1/(1+R(0))
gg so that |
Males W(0) = 1/0.1469
Females W(0) = 1/0.2154,
. whence, from equation IV-8 we obtain the values of W(s).
{ Values of W(s) - Lung Cancer
Smo#ing Cétegory Males Females
- Total 1.00 1.00
Nonsmokers ‘ 6.81 4,64
Former smokers . 1.71 1.17
Present cigarette smokers - ‘all 0.604 0.411
<10/day R _‘ - L.75 1.19
10-20/day - 707 482
21-39/day ‘ 408 .278
40+/day . 287 .196

{2) Probability of Causation for Lung Cancer — Additive
. Interaction Model.

Referring back to equation IV-2, it is evident that the smoking
i characteristic can be accounted for in calculating the PC merely by
wd multiplying R(D) by the appropriate value of W(s). This process is
exemplified, and illustrative examples are given, in Chapter X-9.

I. Subpopulations with Non-standard Cancer Risks

From a reading of SEER rates for the different reporting areas, it
is easy to select examples in which cancer incidence for a particular
reporting region, and especially a particular ethnic group within a
particular reporting region, is markedly higher or lower than the rates
used for this report, which were based on all reporting regions except
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Puerto Rico. Presumably, these differenceés are due to differential
exposures, and an individuwal case probably should be evaluated in terms
of that individual’s exposure history rather than in terms of regional or
ethnic classification. For example, male lung cancer rates in Utah are
about half as high as those in the United States as a whole, but this is
ascribable to the fact that the proportion of smokers in Utah 1s smaller
than that in the rest of the country, due to the predominance of the
Mormon Church, which proscribes tobacco use among its members. As we
have seen above, nonsmokers have less than one sixth the lung cancer rate
among males generally. Clearly, for lung cancer, information about
smoking is more useful than information about area of residence and,
presumably, about other factors as well (i.e., a member of the Mormon
Church who smokes is unlikely to have a lung cancer risk much different
from that of a non-Mormon with the same smoking history).

As a purely calculational exercise, it is a simple matter to define
a factor W for membership in a certain subpopulation, as the ratio of the
appropriate SEER rate to the corresponding subpopulation rate. Whether
this should, or can, be done, however, 1s another matter. Differences
between subpopulations with respect to cancer rates may depend mainly
upon differences in exposure histories, and except for exposure to tobacco
smoke, in the case of lung cancer, and radiation exposures other than the
one(s) of interest, there appears to be uo basis for a model by which
other exposures may interact with a radiation exposure of interest.
Simply ignoring information about a possibly altered cancer rate, on the
other hand, amounts to treating the factors responsible as if they were
known to interact multiplicatively with radiation.

Although in the abstract it would be desirable to take account of
factors that interact additively in the appropriate way, we are ignorant
of the nature of interactions except for smoking and lung cancer. More-
over, even if one wished to take account of a particular interaction as
if it were additive, the necessary data that would enable the calcula-
tions are not available. However, the relative risk time-response model
for radiation is consistent with existing data, and also with the idea
that many, if not all, other risk factors do interact multiplicatively
with radiation. It should be recognized, however, that to use the tables
ignoring the influence of any particular other factor, is equivalent to
treating that factor as one that interacts multiplicatively with radiation.
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CHAPTER V: DATA SOURCES, ASSUMPTIONS, AND MODELS

A. Data Sources

The calculation of probabilities of causation for radiogenic cancers
requires baseline data for individual cancers and parallel quantitative
risk estimates for cancer arising from exposure to ionizing radiation.
Although the bulk of the data on the risk of cancer is in the form of
mortality rates, in the late 1930s the National Cancer Institute began
periodic surveys of cancer incidence and survival. As the Surveillance,
Epidemiology, and End Results (SEER) program, this effort, covering about
10 percent of the U.$ population, now provides systematic, national
incidence data for the period beginming with 1973 that are unequivocally
the best source of data on cancer incidence for the U.S. Data for 1973~77
are published (1); the Working Group has had access to the unpublished
tabulations through 1981 (Table V-1), Site-specific baseline incidence
data by age and sex have been used here as the basis for PC calculations
without regard to ethnic or geographic sources of variation that often
are considerable. . PC estimates are necessarily sensitive to the baseline
incidence used in the calculation of relative excess risk, and choices
must be made whenever incidence is known to vary with characteristics of
individuals for whom such estimates are required. Although the SEER data
extend to geographic and ethnic variation, there is some uncertainty
about the statistical stability of much of this variation, and the extent
to which it may reflect the influences of factors whose interaction with
radiation in the causation of cancer is simply unknown. With the single
exception of smoking related to lung cancer, the methods and calculations
presented here are appropriate to “"average” Americans whose baseline risk
levels are represented by the combined SEER registries.

The use of a single set of rates also takes no account of changes in
population incidence over time, but these have been considerable only for
stomach cancer and lung cancer.

The PC calculations have been limited to sites and types of cancer
for which radiation is known to be a cause and for which reasonable data
exist for purposes of calculation. (See chapters VII and X for further
discussion). Site-specific estimates of radiation-induced cancer risk in
terms of incidence have been taken from Tables V-14 and V-16 of the 1980
BEIR report (2) with updating for several sites and with deletions appro-
priate to the calculation of PC values (Table V-2). The BEIR report is
the only comprehensive source of human, site-specific incidence data.
relating radiation exposure to cancer risk and the time constraints
placed upon the Working Group have precluded any systematic reworking of
the relevant literature, much less the original data upon which it is
based.

The A-bomb survivor data for leukemia (3) were subdivided by type to
develop separate sets of risk estimates for acute leukemia and chronie
granulocytic leukemia. The BEIR leukemia coefficients themselves were
modified to achieve a more stable, and plausible, dependence of risk on
age at exposure (see Section D, below). The lung cancer coefficients
were revised on the basis of new data from the A-bomb survivor series (4)
(see Chapter X-9). Recent reports of thyroid cancer and breast cancer

- 54 =

¥
H
i
[




incidence among A-bomb survivors (5,6) provided new information on the
dependence of risk on age at exposure, an issue that had not been resolved
satisfactorily by the BEIR III Committee (see Section D). A recent

review of studies of salivary gland cancer following childhood irradiation
(7) provided a numerical risk estimate for exposure ages 0O-14, and the
site was included in the calculations. Finally, BEIR estimates for
certain sites and exposure ages were evaluated and rejected as uncertain,
and corresponding PC calculations were not performed. 0f the 78 age,

sex, and site-specific risk coefficients employed in the present report,
40 were taken directly from the BEIR report and 38 were taken from more
recent sources; also other coefficients presented in the BEIR report for
the lyr-ismas and "miscellaneous other” sites were not used {(see Chapter
VIiI-F). '

B. Dose~Response and Dose-Rate-Effect Models

As discussed in Chapter III-H, the weight of radiobiological evidence
favors a linear—quadratic dose response to low-LET radiation for most
cancers, with a "crossover” dose, at which the components cf risk propor-
tional to dose and dose-squared are equal, somewhere between 50 and 200
rad (8). In general, the epidemiological evidence discriminates poorly
among competing dose-response models (9). Thyroid cancer and female
breast cancer are exceptional in that the epidemiological data strongly
favor linearity (2,5,6). Accordingly, the Working Group has adopted
linearity for breast and thyroid cancer and the BEIR III linear-quadratic
model for all other sites, for PC calculations. involving exposure to
low-LET radiation. The BEIR III linear—quadratic model estimates excess
cancer risk, following a radiation exposure of short duration, as

Excess = eq ¥ (D.+ D2/116),

where e1q is a site-specific coefficient depending upon age at exposure and
sex, and D 1is radiation dose in rad (see Chapter 1II-H). The linear model,
of course, expresses excess risk as

Excess = ey, X D.

The so-called crossover dose of 116 rad in the formulation of the BEIR
l{near-quadratic model, which specifies the degree of curvature in the
8raph of risk as a function of dose, was originally determined from the
Japanese leukemia data (2,3), but is also consistent with a number of
other radiobiologic end points (see Chapter III-I). Since no other human
cancer data are adequate for calculating crossover doses for individual
:ites other than the thyroid gland and female breast, the value of 116
d:: has been assumed to apply to all sites for which a linear—quadratic
e-response model for low-LET radiation is considered appropriate for

:°“‘LET radiation (i.e., all cancers other than those of the thyroid and
emale breast),

i

Hupiosesdics

o

ent Although the BEIR Committee's site-~specific incidence risk coeffici-
lods’ except for leukemia, corresponded to the linear dose~response
el, the Committee provided numerical coefficients for both linear and
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linear—-quadratic models with respect to total mortality from all types of
cancer other than leukemia, considered as a group (reference 2, Tables
V-19 and V-20). The ratio of these coefficients,

eL/eLQ = 30470/10397 = 2-48 = 205,

and the crossover dose of 116 rad werée used by the Working Group to
convert the BEIR III linear-model coefficients to the corresponding
linear-quadratic coefficients for the appropriate sites.

The present radioepidemiological tables have been prepared primarily
for low-LET radiation e€xposures. The tables and algorithms may, however, be
applied to high-LET radiation exposures by substituting for dose the "bio-
logically equivalent dose" (BED) determined for the particular exposure.
This calculation involves the assumption that for high-lET radiation the dose-
response relationship is approximately linear, which may be justified for doses
below 10 rad. 1In its simplest form, the BED is the product of the dose in rad
and a "relative biological effectiveness” (RBE) factor for the given radiation
(see Chapter ITII-B). The RBE factor depends on the end point selected and
varies with the dose and with the LET of the radiation, which is a function
not only of the energy of the incident radiation but also of the attenuation
and scatter in the tissues surrounding the target tissue. For internally
deposited radionuclides, estimates of equivalent doses are further complicated
by spatial and temporal variations in the distribution of the sources of
radiation. Therefore for a best estimate of the cancer risk from a given
exposure to high~LET radiation, biologically equivalent doses must be
calculated on a case-by-case basis, and it clearly would make little sense
to produce separate PC tables for any given high-1ET radiation. Exposure
of bone to high~LET radiation from internally deposited radium—-224 and
lung exposures from radon daughters are a special case since since there
is a direct observational basis for risk estimation (see Chapter X~2 and X-9).

The calculation of BED is a complicated process, and particularly so
for radiation from internally deposited radionuclides. The Ad Hoc Working
Group has made no attempt to pursue the issue beyond this point.

Considerations of dose rate and dose-fractionation effects influenced
the Working Group's choice of the linear~quadratic model for cancer sites
other than the breast and thyroid (see Chapter III-I). By treating ex-
exposures widely separated in time ag independent, and therefore additive
In effect, a model-dependent appreoach to dose rate was obtained. The
scientific basis for this procedure is that repair of DNA sublesions is
rapid, generally occurring within hours following irradiation. Consider
@ case in which exposures to D and Dy rad occurred during successive
months. Under the linear model, the effects of the two exposures are
proportional to Dj and D7, respectively, and their combined effect is
therefore proportional to Dy + Dy, just as if the two exposures had
occurred simultaneously. Thus for fast neutrons and alpha particles in the
lower-dose range {(below 10 rad), and for low-LET radiation in the case of
breast cancer or thyroid cancer, there is no reduction in effect due to
fractionation or protraction of exposure. Under the linear-quadratic
model, on the other hand, the effects of the two exposures are proportional
to Dy + D12/116 and D; + D22/116, respectively. The combined effect is
proportional to the sum of these two numbers, and is less than the effect
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of a single exposure to D) + Dy rad, which is proportional to (D} + D) +
(b; + D2)2/116.‘ Thus for low-LET radiation there 1s a reduction in effect
for fractionation and protraction of exposure, for all cancers except those
of the thyroid gland and the female breast.

In practice, the reduction in effect due to fractionation of exposure
jn the above example is slight unleSs the sum of Dy and Dy is greater than
5 rad or so. (%f Dy + D, is lgss than 5 rad, then (Dl + DZ) + (Dl + D2)2/116
exceeds Dy + Dy /11% + D, + D, /116 by 2% or less.) Accordingly, for cancer
sites for which the linear-quadratic model is appropriate, the Werking Group
suggests the following approach for calculating PCs for low-LET exposures
separated in time or protracted over time: -Generally, exposures occurring
within a few months of each other can be combined (i.e., treated as a single
exposure, with dose equal to the sum of the separate doses), provided that
the sum of their doses is less than 5 rad. Consecutive acute exposures
should not be combined if the total.combined dose is greater than 5 rad.
For protracted exposures, accumulations of 5 rad or less need not be
subdivided unless the exposure extended over more.than one year. Indepen-—
dence of effect cannot be assumed for exposures separated by less than 24
hours or so. 1In the absence of a detailed and reliable model, the Working
Group recommends that cumulative exposures of 5 rad or more within a period
of 24 hours or less be treated as if from,a single acute exposure. This
rule may result in the overestimation of the effects of exposures separated
by a few hours. For very low dose rates the above approach gives results
that are virtually the same (within 4%) as would be obtained if the quadratic
(dose-squared) term were ignored. For a detailed example, see Chapter IX,
Example 5. Also, see site-specific examples in Chapter X.

C. Time after Exposure

Clearly, time is required for a single transformed ¢cell to develop

into a clinically detectable cancer, and for that reason alone, a cancer

detected within a few weeks or months after a particular radiation exposure
would not be considered a possible consequence of that exposure. More
generally, assumptions about the distribution of excess risk over time
following exposure can strongly influence the PC calculations. There are
two issues: how long does it take before there is a non-negligible

excess risk, and how does the risk vary over time subsegquently?

The BEIR III Committee used a plateau model for leukemia and bone
cancer and both a constant absolute risk projection model and a constant
relative risk projection model for other cancers, in order to extend
their estimates of average excess risk, obtained from follow-up periods
of 30 years or so, to estimated lifetime cancer risks. The Working Group
faced a much more difficult problem, for two reasons: First, a PC calcul-
ation pertains to a specific cancer diagnosis at a particular time following
one or more exposures to radiation, and not to risk averaged over a life-
time. Second, the charge to the Working Group was to provide a single
“best™ estimate and not an array of more or less plausible ones. Thus it
was necessary to use specific time-to-response models which could, however,
depend upon cancer site and upon individual characteristics such as age
at exposure, sex, and radiation dose. Fortunately, research subseguent
to the 1980 BEIR report, made possible mainly by the increased duration
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of follow-up on the Japanese A-bomb survivers and other irradiated groups
(see Chapter III-H), helped the Working Group to arrive at a number of
assumptions needed for its calculations.

The 1980 BEIR report, as well as the published analyses reviewed in
Chapter III-H, suggested that time from an acute exposure until diagnosis
for radiation-induced bone cancer and leukemia follows wave-like distributions
like the lognormal. Accordingly, the Working Group conducted analyses of
data on time to diagnosis from a German series of patients treated by
radium-224 injections for ankylosing spondylitis, and who later developed
bone caucer at a rate more than 250 times that expected from baseline
population rates (10), and leukemia data from A-bomb survivors with high
radiation doses (11), supplemented by leukemia data from a British series
of patients treated with X radiation for ankylosing spondylitis (12). €
Lognormal time-response models were fitted to these data, for all exposure
ages combined and as partitioned by age at exposure.

The bone cancer data were found to conform closely to a lognormal
distribution for time to response, with minimum 1.52 years, and for which
the mean and variance on the logarithmic scale, after subtraction of the
minimum, were 2.12 and 0.48, respectively (Figure V-1). The minimum
value was the least precise of the three estimated quantities; virtually
the same fitted probability distribution was obtained when the BEIR III
minimum of 2 years was assumed a priori. There was no evidence that the
distribution of time to response depended on age at exposure or on radia-
tion dose.

The leukemia data were less easy to work with, partly because the
possibility that a given high-dose case was not radiogenic could not be
ruled out with as much confidence as with the bone cancer data, but v
mainly because the cancer data for the A-bomb survivors for the first 5
years after exposure lacked suitable denominators (11). The BEIR III
minimum of 2 years for the latent period was assumed. Based on the
British ankylosing spondylitis data (12), it was estimated that the.
average annual excess leukemia rate during the period 2-5 years after
exposure was about half that during the next five years. From published
analyses of the A-bomb survivor data (3,13) it was determined that acute
leukemia (AL) and chronic granuloevtic leukemia {CGL) have different
temporal distributions following exposure, and that for AL, but not CGL,
time to diagnosis depends on age at exposure, (Very few of the leukemias
in the series are of types other than AL or CGL.) According to the Work-
ing Group's analysis, the fitted lognormal distribution for CGL had mean
2.68 and variance 1.51 on the logarithmic scale of time in years minus
the assumed 2-year minimum (Figure V-2), while that for AL required an
adjustment for age at exposure. The estimated mean on the logarithmic i
scale was 1.61 + .015 A, + .0005 Alz, where A, denotes age at exposure, )
and the variance was 0.65. For AL, therefore, the fitted distributiom
predicts that with increasing age at exposure, radiation-induced cases tend
to occur longer after exposure and to be more widely dispersed in time
(Figure V-3). For leukemia in general, excluding the chronic lymphocytic
form that apparently is not caused by radiation, the Working Group used a
mixture of the estimated time-to-response curves for CGL and AL, weighted
by 32 and .68, respectively (Figure V-4).
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For leukemia and bone cancer the temporal distributions of risk
imply that the plausibility of a causal connection between a particular
cancer and a prior radiation exposure may depend strongly upon the length
of the intervening time interval.  For example, according to the time-to-
response model described above, -a radiation-induced bone cancer is about
6 times more likely to be diagnosed 5 years after exposure than 20 years
after exposure; therefore, all other things being equal, the plausibility
of a causal connection between a diagnosed bone cancer and a prior radiation
exposure is greater for a 5-year interval from exposure to diagnosis than’
for a 20-year interval.

For cancers other than leukemia and bone cancer, the estimated
probability of causation is independent of time from radiation exposure
until cancer diagnosis, if that time is greater than 10 years. This % a
consequence of the constant relative risk model for time to respons:
which the Working Group adopted on the basis of published studies ¢ ~ussed
in Chapter III-H. Because these studies pertained mainly to breas: .4
lung cancer, the Working Group carried ou: : comparable analysis c-
stomach cancer among high-dose A-bomb survivors, and obtained resui.s
similar to those obtained for breast cancer and lung cancer.

The constant relative risk model applies only after some initial
period, which the BEIR III Committee fixed at 10 years. The Working
Group felt that this value was consistent with epidemiological findings
for persons exposed at ages at which baseline incidence was already high
enough for an appreciable number of excess cancers to be expected under
the model, and that for younger exposure ages the practical importance of
the initial period was small because few cancers, radiation-induced or
otherwise, would be expected until much later than 10 yerrs after exposure.
On the other hand, the radiation-related excess risk is uero at the time
of exposure, and assumes its eventual full value relative to baseline
incidence after about 10 years. The Working Group felt that not enough
is known about tumor growth kinetics to justify a distributional model
for the time required for a single transformed cell to develop into a
clinically detectable tumor; what is known, however, suggests that the
risk of radiation-induced cancer {other than bone cancer and leukemia) is
negligible for the first 5 years after exposure (see Chapter I1I-H). A -
discontinuity is biologically unlikely, and the Working Group therefore
decided upon a cubic function of time to provide a smooth ' ransition from
an assumed zero excess for the first 5 years after exposwu to the ev. :ual
constant reiative excess after 10 years (Figure V-5), to . applied ¢
the basis of time in whole numbers of years. 1In the table below, Y re-
resents the integer part of time in years from exposure until diagnosir
(e.g., 11 years, 10 months corresponds to Y = 11) and T(Y) is the corres~
ponding proportion of the eventual relative excess applying at time Y:

Y: 04 5 6 7 8 9 10+
T(Y): 0 .074 ,259 .500 .741 .926 1,000
PC estimates are most reliable, of course, when they are based
altogether on observational data. Unfortunately, there are mno series

that provide followup data beyond 40 years after exposure, and most of
the available longterm data pertain to the interval from exposure to
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30-35 years. Use of the constant relative risk model of time-response

for most solid tumors makes the dependence on the present PC tables for
estimates beyond this interval less hazardous than would be the case if

the constant risk model were to have been used. This is because absolute
risks within each age-at-exposure cohort of A-bomb survivors have continued
to rise steadily, tracking baseline mortality, well beyond the 1974 cut-off
that was the basis for many of the BEIR coefficients. The constant rela-
tive risks resulting from these observations have been published through
1978 (4) and are seen in preliminary drafts of the current analysis that
extend through 1982. For leukemia and bone cancer, the wave-like functions
fall so precipitously after attaining their respective peaks that the Work-
ing Group has extended the tables beyond the period of observation to 49
years.

D. Age at Exposure

A rule that appears to hold for all radiation-induced cancers as a
group, and for many cancer sites individually, is that excess risk declines
relative to baseline risk with increasing age at exposure. Also, however,
because excess risk tends to increase over time proportionally with
baseline risk and because available data are limited to the period 30
years or so after exposure, absolute measures of risk tend to increase
with increasing age at exposure. For cancers of the lung, digestive
tract, and urinary system, which comprise a large part of both the excess
and baseline cancer risk in exposed populations, this increase appears to
be smooth (2,4). For some cancer sites, like the liver, bone, and, until
recently, the thyroid gland, there was insufficient evidence on which to
base estimates of variation by exposure age, and the BEIR age-specific
risk coefficients for these sites are flat. Three important sites,
however, are exceptions to the general rule.

A recent study of thyroid cancer incidence among A-bomb survivors
indicates strongly that absolute, as well as relative, measures of risk
are markedly reduced for adult compared to childhood exposures (5).

Breast cancer, however, for which the existence of a risk following
exposure during the first decade of 1life was only recently established
(14,15), shows an increase in absolute risk with increasing age at exposure
over the first two decades of 1life, but a marked decrease thereafter
(6,16,17). To the 1980 BEIR Committee, which relied mainly on Japanese
A-bomb survivor data for exposures after the age of 40, it seemed possible
that the apparent absence of an excess might reflect a hormonal influence
due to ovarian irradiation, or perhaps a difference between Japanese and
western populations (2). More recently, however, a large survey of

breast cancer mortality among Canadian women given multiple chest fluoros-
copies during treatment for tuberculosis revealed the same pattern of
greatly reduced risk for exposure after age 40 (17). Accordingly, the
Working Group computed new age-specific breast cancer risk estimates from
the most recent A-bomb survivor data (6), relying on a study of Swedish
women given therapeutic X radiation for benign breast disease (16) to
provide a smooth downward transition in risk from age 40 down to 75, at
which age a zero excess was assumed.
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For leukemia, there is a high absolute excess risk for exposures
during the first decade of life, with a much lower excess for exposure
at ages 10-19, and a steady increase for exposures at older ages (4).
The BEIR report estimates, which were based on A-bomb survivor incidence
data (3), do not vary smoothly with age, in that the coefficient for
; exposure ages 20-34 is higher than those for ages 10-19 and 35-49. The
L difference is far from significant statistically, however, and a similar
pattern is not seen in data based on the British spondylitis series (18).
Accordingly, the Working Group replaced the BEIR coefficients for exposure
age intervals 10-19, 20-34, 35-49, and 50+ by values corresponding to a
quadratic function of age, fitted by least squares using weights based on
the variances of the BEIR estimates. No adjustment was made to the BEIR
coefficient for exposure ages 0-9, about which the spondylitis data are
uninformative.

Epidemiological data linking fetal radiation exposure to increased
cancer risk largely pertain to exposure from pelvimetry examinations
shortly before birth. The 1980 BEIR report presented an estimate of this
risk based on the results of the Oxford Survey (19), as 25 excess leukemia
deaths and 28 excess deaths from other cancers per million persons per
year per rad for the first 12 and 10 years of life, respectively. The
Committee did not, however, explicitly include these estimates in its
tabulated estimates of lifetime risk following acute and chronic exposures
to radiation. FEven after allowing for the difference in follow-up (5-26
years for the A-bomb survivors vs. 0~12 years for the Oxford Survey) in
the light of the calculated lognormal time-to-diagnosis distribution for
exposure at age 0 (Table X.1.H), and allowing, with Stewart (20), for the
possibility that estimated radiation doses in the Oxford Survey may have
been too small by a factor of 2, the above estimate for leukemia is three
times as high as an extrapolated estimate based on the leukemia coefficients
used for the present report (Table Vi-1). Experimental studies, in fact,
suggest that there is little or no cancer risk associated with exposure
during the middle uterine period, and that exposure during the late
uterine stage is comparable in effect to exposure during infancy and
early childhood (21-24). Given the uncertainties that remain about the
magnitude of radiogenic risk of leukemia and other childhood cancers
following fetal irradiation (see Chapter III-G), the Working Group is
unpersuaded that cancer risk depends strongly upon whether or not the
exposed person was in utero or postnatal, and suggests that in-utero
exposures be treated no differently than postnatal exposures at age 0.
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TABLE V-2. Individual Types of Cancer for Which the BEIR III

Report Provides Incidence Risk Coefficients and Those for Which the

Working Group Has Calculated the Probability of Causation

BEIR I1I

Working Group

Leukemia (21l except CLL)
+ bone cancer

Bone

Thyroid

Breast

Lung

Esophagus
Stomach
Intestine (colon)
Liver

Pancreas
Urinary organs
Lymphoma

Leukemia, all except CLL
acute forms
chronic granulocytic

Bone and joint*

Thyroid

Breast

Lung

Esophagus

Stomach

Colon

Liver

Pancreas

Kidney and urinary bladder

Salivary gland

*Alpha‘radiation from radium~-224 only.
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Figure V-1. Fitted time-to-tumor model for bone sarcoma
induced by a brief exposure to radium-224. T(Y) is the
probability of diagnosis within one year after time Y.
(Data from reference 10.) ‘
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Figure V-2, Fitted time-to-tumor model for chronic
granuloctyic leukemia induced by a brief exposure to
ionizing radiation. T(Y) is the probability of diag-
nosis within one year after time Y. (Data from refs.
11 and 12.)
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Figure V-3. Fitted time-to-tumor model for acute
leukemia induced by a brief exposure to ionizing
radiation at age Aj. T(A;,Y) is the probability
of diagnosis within one year after time Y.

Numbers within the graph indicate age at exposure.
(Data from refs. 11 and 12.)
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i Figure V-4. Time-to-tumor model for leukemia (all
types except chronic lymphocytic leukemia) induced

by a brief exposure to fonizing radiation at age

Aj. T(A;,Y) is the probability of diagnosis within
one year after time Y. Numbers within the graph
indicate age at exposure. (Data from refs. 11 and 12.)
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Temporal Factor T(Y)

Cubic model as a
smooth function of time
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Figure V-5. Temporal factor T(Y) to be applied to
relative excess risk for cancers other than leukemia ‘
or bone sarcoma. . .
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CHAPTER VI: METHOD FOR ESTIMATING RELATIVE EXCESS RISK
AND CALCULATION OF PROBABILITY OF CAUSATION

A Coefficients of Absolute Excess Risk

The model assumed here for breast and thyroid cancer, for low-LET
radiation, is that of risk as a linear function of organ dose, without
threshold. TFor all other cancers considered, the 1inear—quadrat1c model
is used for low-LET radiarion {see Chapter V-B).

Table VI-1-A shows linear and linear -juadratic model risk coefficients
for the incidence of excess cancers for specified periods after radiation
exposure, by site, sex, ard age at exposure, and for low-LET exposure, as
adapted from the 1980 BEIR Report or from more recent data (see Chapter
V, sections, A, B, and D). The tabulated coefficients represent the
average absolute excess risks per 100,000 per year per unit increment in D
or D + D2/116, depending upon the dose-response model, where D is given
in rad, over the specified follow-up periods for persons in the given
ranges of age at exposure. Type-specific coefficients for acute and
chronic granulocytic leukemia were derived from coefficients for leukemia
of all types as follows: From A-bomb survivor data (1) it was determined
that acute leukemias (AL) accounted for 68% of the excess leukemia risk
due to radiation and chronic granulocytic leukemia (CGL) for the remaining
32%. Because this proportion did not appear to vary by age, the tabulated
coefficients for leukemia were distributed accordingly. Tables VI-1-B and
VI-1~C are for high~LET radiation and are only applicabis to cancers of
bone and joint and to lung cancer associated with exposure to radon.

PC calculations pertain to situations in which exposure age may be
given for a single year of age, rather than an interval of 10 or more
years, and smoothness of transitionm from one year of age to another is a
desirable property of any calculational method that might be devised.
Although the variation by age at exposure of the coefficients in Table
VI-1 and in the BEIR report surely has a large random component, the

» Working Group did not, except in the cases of leukemia (see Chapter V-D)
and lung cancer (see Chapter X-9), feel justified in smoothing this
variation by assuming a parametric model for risk as a function of expo-
sure age.

! Accordingly, the tabulated coefficients were made specific to single
yYears of age at exposure by an interpolation procedure. Each tabulated
value was treated as if it pertained to the mean age of the corresponding
interval, weighted by the expected length of follow-up, assuming a lifetable
distribution {2) (see Table Vi-2) of ages at exposure within the interval.
Coefficients for single vears of age were obtained by a cubic spline
interpolation algorithm (3). For ages outside the range of interpolation.
(e.g., less than 5 for breast cancer or less than 25 for colon cancer,

and greater than 58 for most sites), for which interpolation methods are
notoriously unreliable, the following methods were used to nmninimize the
effects of minor variations in the tabulated coefficients: BEIR coefficienrs
for ages 0-9 or 10-19 deemed by the Working Group to have insufficient
evidential basis for PC calculations were used as interpolation points to
extend risk estimates to age 10 (stomach) or 20 (esophagus, coleon, and

¢
i

i

.
x o
Hti
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others). For lung cancer, the trend was linear over all ages (see Chapter
X-9). For breast and thyroid cancers the trend in Table VI-1 from 10-19

to 0~9 was extended linearly to age 0, while for leukemia the interpola-
tion routine produced an approximately linear extension which appeared to
require no correction. For extrapolation to older ages an interpolation
endpoint of zero risk at age 75 was used for breast cancer (see Chapter
V~-D}, but for other sites the interpclation algorithm continued a smooth
trend with increasing age at exposure which seemed to require no correction
in view of the extremely limited information available on cancer risk from
radiation exposures at age 60 or older.

B. Derivation of Coefficients for Calculating Relative Excess Risk

The interpolated absolute risk coefficients €(A,S), where A denotes
age at exposure and S denotes sex, were used to calculate coefficients
from which the relative excess pertaining to a given year after exposure
could be computed. For any given cancer site, age at exposure, and sex,
let P(Y) denote the absolute excess risk coefficient for Y years after
exposure., The coefficient e was based upon observed cancer risk over a
period of years after exposure, yj LY £ y2 (see Table VI-1). The observed
pepulatioh was subject to attrition, mainly from the usual age-dependent
force of mortality. Therefore, to an acceptable level of approximation,
e is defined as the lifetable average of P(Y) over the period y1 £ Y < yo.
Depending upon the way in which P(Y) varies with time and with the age-
specific baseline rate, the needed coefficients can be defined in terms .
of e. Two algorithms were used, one for leukemia and bone cancer, and
the second for all other cancers.

1. Leukemia and bone cancer

For leukemia (AL and CGL) and bone cancer following brief irrad-
iation type-specific lognormal distributions were obtained by fitting to
data, and made specific to each age at exposure (see Chapter V-C), The
distribution for all types of leukemia, from which chronic lymphocytic
leukemia (CLL) was specifically excluded, was defined as a mixture of the
distributions for AL and CGL, weighted by .68 and +32, respectively. The
distribution, denoted by T(A;,Y) or T(Y), depended upon age at exposure
(A;) for AL and therefore also for all leukemia except CLL, cousidered as a
group, but T did not depend upon Ay for CGL or bone cancer.

For each cancer type, for given (A1,S), the time-specific coefficient
P(Y) can be written as

P(Y) = E x T(Y),

where E = E(Al,S) denotes the probability that a radiation-induced cancer
will be observed at some time after exposure, provided that no cother
cause of death intervenes. Therefore the coefficient e, which is the
lifetable average of P over v1 £ Y < yy, can be written as the product E,
times the lifetable average of T. Solving for E, we obtain

B =ex [L{yp+e o+ Ly 1/IT(y Ly ) +s o - +T(¥2) Lly) |o
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In the above formulation, L(y) denotes the lifetable value for the ex-~
pected number of person-years at age A; + y (the average of the lifetable
probabilities of reaching ages Ay + y and A} + y + 1), using the 1970 U.S.
lifetables (2) (see Table VI-2). The relative excess at age As, Y years
after an exposure at age Ay, is given by

R(A1,47,Y,8) = F x T(A1,Y) x E(A;,8)/1(A,,S),

where F denotes an appropriate function of dose. 1(A5,S) denotes the
baseline incidence of cancer of the given site and type for a person of
age A and sex 8, as determined from the SEER values in Table VI-3 by an
interpolation process analogous to that used to obtain the values e(A1,S).
In the above formulation Y assumes only integer values, being the integer
part of the time in years from exposure to diagnosis (e.g. if that time

. is 12 years and 1l months, Y = 12), '

Although the 1980 BEIR Committee presented risk coefficients for

L bone sarcoma resulting from exposure to low-LET radiation, these coeffici~-

‘ ents were derived by the use of conventional quality factors from coeffici-

' ents appropriate for exposure to alpha radiation (4, pp. 411-418). Bone
sarcomas were seen above 67 rad alpha dose to the endostial layer, which

: corresponds, using a constant quality factor of 20, to 1300+ rem dose

: equivalent. Bone sarcoma has not been observed in excess among the
Japanese atomic bomb survivors (4, p. 416), and in patients treated by X
radiation for ankylosing spondylitis cases have been seen only in associa~
tion with bone doses well above 1000 rad (4, p. 413). The Working Group,
while convinced of the validity of the BEIR estimate for bone sarcoma
following brief irradiation from radium 224, did not feel that there was
a sufficient basis for extending it to low-LET radiation at doses below
1000 rad or to other forms of high~LET radiation. Accordingly, estimates
for bone cancer are presented only for high-LET radiation, from radium-224
(see Table VI-1-B). '

2. Cancers other than leukemia and bone cancer, following exposures
to low-LET radiation

For other canéers, the temporal distribution of excess risk over
time after exposure was assumed to be proportional to the variation of
baseline incidence by age, at least beyond 10 vears after exposure. In
other words, for given (A4;,S), the ratio

K = P(Y)/I(A2,S),

o
i
G

where (roughly) Ay = A; + Y, was assumed to be constant for Y > 10. It was
enough, therefore, to calculate, and tabulate, this ratio. Because the _
absolute risk coefficient e = e(Al,S) is the lifetable average of P{Y) over
the follow-up period v1 £ Y £ y2 given in Table VI~1, it can also be expressed
as the lifetable average over that period of K x I'(Y), where I'(Y) = 1(A,,S)
for Ay = A1 + Y. Because K does not depend upon Y for Y > 10, the relation~
ship can be inverted to solve for K = K(A1,S):

K=ex [Llyp)+.e o +L(y2) I/1 1" (y1)L(y3) 4 o+ 1" (y2)L(y) 1.
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For Y > 10 years, the relative excess risk is simply K(A;,S) multi-
plied by an appropriate function F of radiation dose. There was, there-
fore, no requirement to tabulate the temporal distribution of risk or the
baseline risk, as was done for leukemia and bone cancer. But because the
relative excess must begin at zero and reach its full value after 10
years, and because biological considerations demand a smooth transition
(see Chapter III-H), we have represented this transition by T, as given

below and in Chapter V-C, in the case of cancers other than leukemia or
bone cancer.

Y: 0-4 5 6 7 8 9 10+
T(Y): 0 .074 .259 .500 .741 .926 1.000

As before, Y denotes the integer part of time in years from exposure
until cancer diagnosis. Thus, the relative excess Y years following
radiation exposure at age Aj, for a person of sex 5, is

R(AI,Y,S) =F x T(Y) x K(Al,S).

3. The special case of lung cancer following exposure to inhaled radon

daughters

The 1980 BEIR report (4) gave a single set of linear-model coefficients
to be applied to low-=LET radiation and, with a suitable Q factor, to high-
LET radiation from inhaled radon daughter products. The Working Group found
the BEIR coefficients to be difficult to use, as discussed in Chapter X-9,
and calculated separate absolute risk coefficients for exposures from extern—
al, low-LET radiation based on A-bomb survivor data. For inhaled radon daugh~
ter products, the Working Group adopted relative risk coefficients based on
a review by Jacobi (5) of data from various studies of uranium miner popula-
tions. These estimates, as discussed in Chapter X-9, pertain to cumulative
exposure in Working Level Months (WLM), and express excess risk as a percen-
tage of underlying risk per WLM. The estimates do not depend upon sex or
age at exposure, but take account of a possible difference in the method
of measuring radon levels in U.S. mines before about 1961 as compared to
after that time and in other countries (Table VI-~1-C).
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Table VI-1-A. Absolute Risk Coefficients: Absolute Excess Cancer Incidence

per 100,000 Persons per Year per Rad (Organ Dose) at Low Levels of Low-LET

Radiation, by Site, Sex, and and Exposure Age, Averaged over the s
Specified Follow-up Period

Site Exposure Yearst Dose~response Model Sex
Age Followrup M F
Leukemia? 0-9 5-26 Linear-Quadratic .173 .110
(all types 10-19 5-26 «0854 «0543
. except CLL)  20-34 5-26 <0846 .0538
35-49 5-26 .105 0670
50+ 5-26 _ .156 .0990
Salivary? 0-14 10-30 Linear-Quadratic 00104 00104
Escphagus3 20-34 10-30 Linear-Quadratic .0052 . .0052
35-39 10-30 .0084 0084
50+ 10-30 .0224 .0224
Stomach3 10~19 10-30 linear-Quadratic 0160 .0160
20-34 10-30 - .0308 .0308
35~49 10-30 0508 .0508
50+ 10-30 <134 134
Colon3 20~34 10-30. Linear-Quadratic .0208  .0208
35-49 10-30 .0336 «0336
50+ 10-30 .0892 .0892
Liver3 20-34 10-30 linear-Quadratic .028 .028
35-49 10-30 .028 .028
50+ 10-30 .028 .028
Pancreas3 20-34 10-30 Linear-Quadratic ‘ 018 +018
35-49 10-30 030 .030
50+ 16-30 .0788 .0788
Lung? 10-1% ©10-33 linear-Quadratic 030 .030
20-34 10-33 ‘ .056 .056
35-49 10~33 .086 .086
50+ 10-33 .120 120
Breast? 0-9 10-35 Linear - .38
10-19 10-35 - .76
20~29 10~35 - 49
30-39 10-35 - 49
40-49 10-35 - .13
50+ 10-35 - .08
Urinary3 20-34 10-30 Linear-Quadratic .0200 .0200
35-49 10-30 .0368 .0368
50+ 10~-30 _ ' .0648 0648
Thyroid? -9 10-34 Linear .15 .50
10-19 10-34 , .15 .50
20-34 10-34 .05 .15 .
35-49 10-34 _ .05 .15 ]
50+ 10-34 .05 .15
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Table VI-1-B. Linear-model BEIR Absolute Risk Coefficients by Sex for
" Bone and Joint Cancer Following Exposure to Alpha Particle Radiation
from Injected Radium-224: Absolute Excess Incidence per 100,000
Persons per Year per Rad to the Endosteal Layer

gg Exposure Age Years Follow-up- Sex
- TR
2 All ' 0-30 .10 .10

on
E

e
SRR

Table VI~1-C. Linear-Model Relative Risk Coefficient R for Lung
Cancer Following Exposure to Alpha Particle Radiation from Inhaled
Radon Daughters: Percent Excess Incidence per Working
Level Month, by Source of Data (Reference 5)

Exposure Agé Source of Data ° Estimate (R)
All Combined Uranium Miner Data 1.2
All U.S. Miners, Exposed Before 1961 0.7
All U.S. Miners, Exposed 1961 or Later ' 1.5

lobserved years of expression over which excess risk was averaged to
produce the risk coefficients shown. PC estimates for events bevond the
intervals shown lack a direct observational basis.

2Coefficients derived by Working Group; see Chapter X for details.

3Coefficients derived from BEIR (reference 4, p. 198, Table V-14).
Conversion of the linear-model BEIR ccefficients to linear coefficients

" in a linear-quadratic model involved dividin% them by 2.5. Note that the
original BEIR coefficients were given per 10° person-year-rad.

il
L
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Chapter VII: SOURCES OF UNCERTAINTY

A. Introduction

P.L 97-414 requires that the tables on probability of causation
"shall be devised from the best available data that are most applicable
to the United States, and shall be devised in accordance with the
best available scientific procedures and expertise.”

The statement by the President, on the occasion of his signing
the Orphan Drug Act, expresses the Administration's reservations in
regard to the preparation of the tables:

".s.there 1s as yet no consensus among radiation experts in
relating human cancers and exposure to low levels of radiation.
Yet, Section 7 mandates that probability of causation tables
be calculated for even very small dose levels. Accordingly, I
am directing the Secretary of Health and Human Services to
complete the tables to the extent that may be possible and
scientifically responsible, in light of the analysis also
mandated by Section 7, which requires him to 'assess the
credibility, validity, and degree of uncertainty associated
with such tables.'™

What follows is a discussion of the many sources of uncertainty that
should be recognized in connection with the use of the tables.

The probability-~of-causation (PC) tables bring to bear on the adjudi-
cation of claims the very extensive information available on the risk of
radiogenic cancer, Although we know more about the effects of ionizing
radiation than any other carcinogen, and much of the knowledge is quanti--
tative in form, our present knowledge is far from complete, and the tables
can be regarded as no more than a guide to causation in the particular
case. However, even an imperfect guide that summarizes the relevant
literature in such a way that it can be brought to bear on the individual

v case should be helpful in determining whether a prior exposure to radiation
was a significant factor.

' Each element of the PC calculation has its own uncertalinties, some
of which are interdependent: choice of sites and cell-types for which
tables can be prepared, baseline incidence, absorbed radiation dose, dose
rate, minimum latent period, time to tumor recognition, choice of dose-

i response function, radiation risk coefficient, choice of time-response
| function, and the influence of individual host factors and competing-
etiologic influences. In Section VII-0 an effort has been made to
integrate most of these sources of uncertainties into an overall assess-—
ment of the accuracy that can be ascribed to any value of PC.

B. Sites of Cancer and Cell-Types

Although ionizing radiation has been shown to produce a very wide
array of human cancers, for certain cell-types, e.g., chronic lymphocytic
leukemia, radiation seems not to be detectably carcinogenic. For many

- 79 -



e

sites and cell-types, the empirical evidence is simply inadequate to
establish or deny carcinogenicity, and for some, e.g., multiple myeloma,

the evidence seems rather controversial (see Chapter X, Section 13).
Authoritative lists of cancers considered to be radiogenic (1-4) are

based on judgment as to the sufficiency of the human data available and

the cogency of the evidence involving radiation as a cause. As a practical
matter, however, even if a particular tissue is considered to be sensitive
to the carcinogenic force of ionizing radiation, useful PC tables cannot

be calculated in the absence of reasonably good estimates of risk coeffici-
ents, It is this requirement, for example, that limits the preparation

of tables by cell-type to the leukemias. There are recent reports, for
example, linking brain cancer with exposure to ionizing radiation (5,6)

but none provides the kind of information that would be required for PC
calculations. Further, as has been noted for the various types of leukemia,
it remains possible that differentials may ultimately be established for the
risks of certain cell-types among the solid tumors. If there are large
probabilities of causation that involve sites of cancer other than those
selected for the PC tables, those cancer sites must be quite rare.

The Working Group accepted the BEIR III list of radiogenic cancers
with the following modifications: (a) lymphomas (including multiple
myeloma) were deleted; (b) salivary gland cancers were added; and
(c) "other” sites, needed by the BEIR III Committee in order to estimate

~ the totality of radiogenic cancer, and for which no real data exist, were

excluded. Of these changes, the first is discussed in Chapter X, Sec. 13,
the second in Chapter X, Sec. 3. Sites of cancer for which PC estimates
can be made, but for which the quantitative data are least reliable, are
salivary glands, esophagus, pancreas, liver, urinary bladder and kidney.

C. Source Tables of Cancer Incidence in the U.S. Population

Age- and sex~specific SEER rates for the U.S.A are averages for the
period 1973~1981 and for 10 areas containing about 10 percent of the U.S
population. Although the SEER sample is not a probability sample, it is
reasonably representative of the U.S population as judged by mortality
rates.’  The quality of the data is very high, only !.4 percent of reported
cases depending on death certificates alone, and 92 percent being micro-
scopically confirmed (7). Geographic and ethnic variations are very real,
of course, especially for certain anatomical sites (7). In addition, over
the period of interest there have been important changes in the incidence
of cancer for certain sites, especially stomach and lung (7-9). Although
incidence data are not available systematically over time in the U.S.,
there are bench-mark data for 1947 and 1969-1971, and for some sites,
especially lung and stomach, mortality data adequately reflect incidence.
Incidence and mortality from stomach cancer have been moving down steadily
for some time. For example, the death rate for white males that was 16 per
100,000 per year in 1960 had fallen to 8.2 by 1977. <Conversely, death
rates for lung cancer have been increasing rapidly over this period, the
comparable rates for white males being 38 in 1960 and 68 in 1977. Changes
in rates for other sites are less dramatic or seem less certain at the level
of incidence. For example, mortality from thyrold cancer has been falling
but there are indications of a 10 percent increase in incidence from 1970 to
the average for 1973-1981. There are also some changes for non-whites of
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which the most significant is for the esophagus: the mortality rate f.r
non-white males that was 10 in 1960 had risen to 14 by 1977.

Among the ten SEER regions, there is a fair amount of variabiliry
for some cancer sites (Table VII-1). For example, the incidence of lung
cancer may vary by as much as a factor of three between the SEER regions
with the lowest and highest rates. Table VII-2 exhibits for each kind of
cancer the largest and smallest ratios for any arez to the All Areas
incidence rate. Although a few of the extreme rz- ' -s are based on small
numbers of incident cases, and hence are subject large sampling varia-
bility (e.g., the ratio of 0.26 for esophageal . .zer in females in Utah
is based on only nine cases) most of the ratios are fairly stable with
respect to sampling variability: the very high ratio of 2.14 for stomach
cancer in Hawaii males is based upon 442 cases. Most of the variability
exemplified in Table VII-2 must be considered real.

Explanations for some of the variation come readily to mind: Hawaii
has a very diverse ethnic mix, and the high ratios for thyroid and stomach
cancer, and the low ratio for breast cancer, result from that fact, as an
examination of ethnicity-specific rates in Hawaii makes clear (7). The
low ratios in Utah for cancers of the lung and bronchus, esophagus, and
colon presumably result from the well-known differences in life style of
the Mormon populations of that state. To the extent that the low ratios
for lung and bronchus reflect a high proportion of non-smokers, that
effect will be accounted for if smoking history is considered by the method
explained in Chapters IV and IX. '

D. Minimal Latent Period

Time to tumor recognition is approximated by the interval from expo-
sure to date of diagnosis. This approximation may be subject to "error,”
in that diagnosis may be delayed beyond the time when it might have been
‘made, but it would be unusual if the delay were more than a year or two,
except in the case of thyroid cancer. Most incidence rates for cancer do
not change rapidly over such short age intervals. An "error” of this kind
could be significant only if it affected whether or where the interval from
exposure to tumor detection fell within the period over which the minimum
latent period is smoothed as described in Chapter V-C; e.g., 5.0-9.9
years for most solid tumors.

The minimum latent period assumed in the calculation of PC tables is
empirically based, but can be only roughly estimated for solid tumors.
The BEIR TII report (1) gives a minimal latent period of 2-4 years between
exposure and tumor detection for leukemia and bone cancer, and this range
seems well established. The BEIR III value of 10 years given as the
minimal latent period for sclid tumors is very approximate, as it is not
site-specific and all indications are that the interval varies greatly
with age at exposure, being longer for younger than for older individuals.
For younger individuals especially, the uncertainties are appreciable,
but of little practical effect when the constant relative risk model of
time-response is used.

Although the Working Group starts from the assumption of minimum

- 81 -




latent periods of two years for leukemia and bone (brief irradiation
only) and 10 vears for the other cancers, to avoid the sharp step-up from
Q0 to full effect at these points, it has “smoothed” the minimum latent
period as described in Chapter V-C. For leukemia and bone cancer, for
which a fitted "wave"” function represents the distribution of excess
cases over time, no such additional smoothing was necessary. For the
other forms of cancer, however, the process of smoothing is rather arbit-
rary as empirical data are lacking. The interval 5.0-9.9 years after
exposure may nct be the optimal choice, and the cubic function used to
graduate the effect of time to diagnosis within this interval may not be
the best function to use.

For bone cancer and leukemia the minimal latent periods, 1.5 and 2
years, respectively, have a range of uncertainty from about ! to 4 years.
For the solid tumors the Working Group has assumed that the full expression
of the increased relative risk occurs as early as ten years after exposure,
and that the increased risk builds up in the interval 5 to 9 years after
exposure. It is thought that these assumptions, in all probability,
under-estimate the required period of latency. It is only with respect
to intervals of 5-14 years between exposure and diagnosis that this
source of uncertainty is meaningful.

E. Dose-Response Function

In general, it has not been possible to show that doses of a few rad
have any influence on the likelihood of cancer since the risk, if any, is
lost in the background of natural incidence. It should be noted that the
BEIR committee was unwilling to make estimates for acute doses below 10
rad or for continuous exposure to less than 1 rad per year. Although it
has been suggested that a dose as low as 2-3 rad during fetal life may be
leukemogenic (10,11), these studies have been questioned by some because
exposure generally occurred on a selective basis associated with the
medical indications for X-ray pelvimetry. Comparable studies in which
radiation exposure occurred on a non-selective basis from routine pelvimetry
(12) or atomic bomb radiation (13) do not suggest that doses of 2-3 rad
have any effect, but these series are small (see Chapter III-G).

In the very low dose region useful estimates cannot be made without
interpolation between the risk at 0 rad and the demonstrable and measurable
risk in the relatively high dose region, generally at or beyond 100 rad.
In the absence of a satisfactory theory of radiation carcinogenesis to
guide the choice of mathematical function with which to perform the
interpolation, considerable uncertainty attaches to interpolated risk
coefficients in the low-dose range. TIn the BEIR III report, for example,
the calculated linear coefficients (i.e., the limiting slopes of the
dose-response curves at very low doses) for the risk of leukemia from
low-LET radiation are 0.99 + 0.93 excess cases per 100 persons per year
per rad under the so-called linear-quadratic model and 2.24 + 0.60 under
the linear model. 1In the “pure™ quadratic model, of course, the linear
term vanishes entirely. At 2 rad the risk of leukemia under these three
models is 2.0 per million persons per year for the linear-quadratie, 4.5
for the linear, and 0.056 for the “pure” quadratic. Corresponding values
for all forms of cancer, other than leukemia, considered as a group, are
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2.8, 6.94, and D0.074. The linear model is generally considered to over—
estimate the risk in the low dose range, although it is possible to post~-
ulate a distribution of susceptible individuals in the population such
that a power curve might better describe the dose-response relationship
(14), 1In this latter case, low-dose risk estimates might exceed those
based on the linear model, but the applicability of such estimates to the
calculation of PC values would be questionable.

Animal experiments in which a wide range of dose is employed often
show a turn—-down in the doss-effect curve at high doses, an observation
attributed to cell-inactivation. The BEIR III committee did not employ a
model with a term that brings down the curve at high doses since it was
concerned with low dose estimation and, since the LDsqg for acute whole-
body doses to man is in the range of 350-450 rad, the turn-down is not as
definite in the data on the A-bomb survivors. But for partial-body
irradiation this aspect of dose-response may have considerable importance
when organ doses are very high, as is suggested by the low incidence of
second cancers in patients treated with therapeutic doses of radium and X
radiation for cervical cancer. Failure or inability to correct for this
phenomenon has the effect of over—estimating the PC values at very high
doses.

As indicated in Chapter V-B, for exposure to low-LET radiation the
Working Group has chosen the linear-quadratic dose-response model for all
forms of cancer except cancers of the breast and thyroid. Since the co-
efficient of the linear term of the linear—quadratic dose-response function
was generally derived from the corresponding coefficient of the linear
function employed in the BEIR report for cancer incidence, and the procedure
was merely to divide the latter by 2.5 to create the coefficients used
here, this factor provides one measure of the uncertainty associated with
the choice of the dose-response function, at least in the range of 20 rad
or less. Above 20 rad the D2/116 term becomes increasingly important;
the risk on the linear model would be less than 2.13 times that on the
linear—quadratic model, not 2.5. In addition, there is an uncertainty in
the factor 2.5 that rests on the choice of the cross-over dose, estimated
in Section VII-0 below to range from about 1.0 to 6.3.

F. Influence of Age at Exposure

Although the BEIR IIT risk estimates (1) in Table VI-I here represen-
ted a consensus of informed scientific opinion at the time, there were
few human data to substantiate some of the risk estimates for exposures
below age 10 or, in some cases, below age 20. Although for a few cancers
(thyroid, breast, lung, leukemia) the Working Group has modified the BEIR
1980 risk values on the basis of later data not avallable to the BEIR
Committee, for most of the cancer types the BEIR risk estimates have been
adopted. '

The accuracy of a risk estimate is limited by the number of cases of
a particular cancer observed among persons whose doses were at least 10
rad. Even when that number is reasonably large, the risk estimate may be
subject to considerable uncertainty but, when the number is small, the
uncertainty may be so large that the risk estimate is unusable for the
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present purpose. The most recent mortality data concerning the Japanese
A-bomb survivors that were available to the BEIR Committee apply to the
period from five to thirty years following the radiation exposures (15).

Age 0-9 in 1945. For the digestive organs and peritoneum, there
evidently were barely enough data to support an estimate of risk for the
class as a whole; risk estimates for pancreas, liver, etc are supported
by no data. For these cancers in children, no data were available to the
BEIR Committee except those from the Japanese survivors. Table VII-4
provides no basis for calculating PC's for exposures at ages under 10
vears for cancers of any of the digestive or respiratory organs. PC's
cannot be calculated because the underlying BEIR risk coefficients are
not supported by adequate data.

Age 10-19 in 1945. The data in Table VII-5 may be sturdy enough to
support PC's for stomach cancer, but not for any other individual digestive
organ. The number of deaths from respiratory cancer is also very small,
but the coefficients in Table VI-1 were based on the later 1950-1978
report (10), with 15 deaths in this age group from lung cancer. The tables
in Chapter X, therefore, provide the basis for calculating PC's for this
age group at exposure only for the stomach among the digestive organs, as
well as for lung cancer, bone cancer, 1eukemia, thyroid cancer, breast
cancer, and cancer of the salivary gland.

The mnext BEIR report will be able to take advantage of extensive
data compiled since the BEIR 1980 report (1) was prepared, including
eight additional years of follow-up of the Japanese A-bomb survivors.
Risk estimates for young persons, and knowledge of latent periods applic-
able to them, will be much improved, and future versions of these tables
can then provide PC's for ages and cancer types for which presently
available data are inadequate.

In addition to the extreme uncertainties that make it inadvisable
to attempt estimates of risk at the younger ages, the statistical uncer-
tainties in age-specific risk coefficients arising from sampling error,
and the possibly atypical character of some of the populations whose
experience has been drawn upon for epidemiologic studies, there is the
technical problem of interpolation among the risk coefficients calculated
for age intervals to produce estimates for single yvears of age, as well
as the problem of extrapolation in the age range beyond the given data
points. Knowledge of age at exposure as a determinant of risk is too
limited to provide sure guidance for the choice of a fitting procedure
for each site, and different methods naturally give somewhat different
results, especially at the oldest ages. The BEIR coefficients are given
in age—at-exposure intervals of 0-9, 10-19, 20-34, 35-49, and 50+. For
some sites it makes a great deal of difference, particularly at ages 65
and older, how the fitting is performed. Linear interpolation between
the midpoints of adjacent age intervals would produce a sequence of

. irregular changes with age and leave undefined the regions under age 5.

and over age 65. A cubic spline’interpolation provides a smoother sequence
of values within the range bounded by the midpoints of the extreme age
gTOoups, e.g., 4.5 to 58 or 59 in the case of leukemia, and 24.5 to 58 or

59 in the case of colon cancer, but the behavior of the spline function
outside this range can be difficult to predict. These problems have been
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handled as described in Chapter V-D, by a method that seems reasonable

and satisfactory to the Working Group. It must be admitted, however,
; that other plausible approaches might have yielded different estimates
% for very young and very old exposure ages.

G. Sex

Sex differences in the absolute risk of radiogenic cancer are
apparently small (1}, except for breast cancer, thyroid cancer, and
leukemia, but the topic is not fully developed in the radiation literature.
In the BEIR III report the age—specific absolute risk coefficients are
identical for the two sexes, except for the 3 sites named, but when, as
here, these coefficients are employed to derive relative risk factors
by sex, such factors differ considerably between the sexes, most notably
for lung cancer, but also for major gastrcintestinal and urinary organs
for which SEER baseline rates for males are well in excess of those for
females. There is uncertainty here, but it cannot be quantified.

H. Dosimetry

The organ dose from external low-LET radiation can usually be esti-
mated within a factor of 2 in individuals who wear film badges or other
quantitative detection devices or who work in carefully monitored
areas. The absorbed radiation dose is even more uncertain for any
unbadged individual whose dose estimate depends on an environmental
reading that may not be in his immediate vicinity, and is subject to
attenuation by environmental shielding as well as body shielding and
thus may vary over time. Exposure from ingestion or from sources
absorbed within the body, such as iodine~131, thorotrast, radium, and
radon daughters, is characterized not only by uncertainties as to level
of dose, but also by the lack of precise information on their relative
biological effectiveness., 1f the absorbed radioisotope is long~lived
and can be measured in an individual and in specific organs, dose
estimation may be much more accurate. The determination of iodine-131
doses to the thyroid after the fact, e.g., from weapons tests, will
always be difficult in view of the indirectness of the exposure through
the food chain and the physiological variables affecting the uptake of
the radioisotope by the gland. A major effort, also mandated by PL
97-414, is currently in progress to address the radicliodine problem. The
Working Group early determined that it should extend its PC estimation
to internal emitters only where adequate epidemiological data were
available, i.e., for radium-224 in relation to bone cancer.

3
iﬁg

The absorbed dose to the relevant tissue, generally an average over
the target organ in the case of external radiation, is the quantity em-
pPloyed in these tables because this is the form in which BEIR III
presented its risk estimates. These, in turn, were based on reports on
the effects of diagnostic and therapeutic irradiation that generally
state dose-specific risk estimates in terms of the tissue dose, and on
reports on the A-bomb survivors whose external (kerma) doses were
converted to tissue doses by means of Kerr's table (1). The relevant
dose to a particular organ will, however, in many instances be difficult
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- be difficult to reconstruct and describe with precision, e.g., in the -

predict the extent to which the next generation of dose estimates will

to determine for such reasons as the following: (a) attenuation by

overlying tissues will in general vary with photon energy; and (b) in

the case of partial-body exposure, or whole-body exposure to highly
directional radiation fields, calculation of a mean organ dose may be

very uncertain. In the case of partial-body irradiation, the dose to an .
organ may be markedly non-uniform; this is especially true for an organ

like the active bone marrow, which is widely distributed in the body. If

the dose-response function were truly linear, it would be appropriate to
utilize the average dose over the entire organ and, for small doses--of

the order of 10 rad or less--linearity can be assumed. If, however, the
maximum and minimum doses to different parts of the organ are very different,
serious errors can result--in either direction. If the maximum dose is not
too large, and the response function is linear-quadratic, then the "effective”
dose will be under-estimated by the averaging process, but if the maximum
dose is large enough to cause substantial cell sterilization, the "effective"
dose can be over-estimated.

Erm——

The quality of the dosimetry on which risk coefficients are based is
best for series derived from therapeutic irradiation. Treatment plans
are carefully made and usually recorded in a fashion that permits the
calculation of doses, even to organs outside the primary radiation field.
The dose estimates for diagnostie irradiation are more uncertain and can

case of fluoroscopy used to monitor artificial pneumothorax therapy for
tuberculosis (16). Average values may be fairly accurate, but individual
doses highly variable.

Because the dosimetry for the A-bomb survivors is now being revised
(17,18), the age- and sex-specific risk estimates which depend on their
experience are now uncertain. Various attempts have been made (19-21) to

change previously calculated risk coefficients, and it appears that
certain low-LET risk coefficients may be increased, but probably by no
more than a factor of 2 (20). The types of cancer for which the co-
efficlents depend essentially on the A-bomb data are: leukemia and
cancers of the esophagus, stomach, colon, lung, breast, bladder, and
kidney. Sites for which the risk coefficients are relatively independent
of the A-bomb data, at least as to level of risk, are: bone, salivary
gland, liver, pancreas, and thyroid. Charles et al (22) recently reviewed
the 1977 UNSCEAR report (2) to estimate the overall risk of radiogenic
cancer based on all sources of human data except the experience of the
A-bomb survivors. Their estimate also differs from current risk estimates
by a factor of about 2.

The dosimetry for the British ankylosing spondylitis series (23), a
major source of data for the calculation of risk coefficients, has been
under investigation by a British team for some time but, except for
leukemia, the only published estimates are the preliminary figures given
in the BEIR III report (1).

A particularly difficult dose-reconstruction has been that for the
thyroids of patients with tinea capitis treated with epilating doses of
X rays in Tsrael (24). The attribution of excess thyroid cancer to an
average tissue dose of about 9 rad has important implications for the

:
£
{
f
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shape of the dose-response curve, but even a careful reconstruction with
phantom simulation may not take full account of the influence of movement
: on the part of the patient during the therapeutic procedure, movement
; that might have led to higher doses to the thyroid than those estimated.

I. Coefficients Describing the Dependence of Risk on Dose

gg' Although the risk coefficients are the most complex element in the
%@ PC calculation, it is doubtful whether they are subject to errors as large
- as those of most dose estimates for persons exposed to fallout, for
example. Standard statistical measures of unmcertainty calculated for
specific data sets are meaningful when data are reasonably numerous, as
is true for some sites in the case of A-bomb survivors, but such instances
are few, and sampling variation is only one part of the uncertainty
surrounding risk coefficients. ' As an example, Table VII-3 reproduces the
linear regression estimates and 90 percent confidence intervals for many
types of cancer mortality associated with ionizing radiation among A-bomb
survivors {25). Only for leukemia, lung cancer, and breast cancer do the
90 percent limits differ from the mean by a factor less than Z. These
coefficients are for all ages at exposure, When one confronts the task
of calculating PC tables over the entire age range, one finds that it is
only for leukemia, and cancers of the breast, bone, salivary glands, and
thyroid, that there is enough experience upon which to base risk coeffic-
ients for those exposed under age 10. Most recorded series pertain to
exposure during adult life, and even the A-bomb survivors exposed before
age 10 provide very little information on thé risk of radiogenic cancers
of gastrointestinal, urinary, and respiratory organs. This is discussed
more fully above in Section F.

It should be borne in mind that the site-specific risk coefficients
for cancer incidence in the BEIR III report are, except for leukemia and
bone cancer, linear coefficients. They were derived by the BEIR III
committee as an adjunct to ‘the mortality estimates, and represent the
Committee's summary of the evidence from the medical and the environmental

o exposures reported in the literature as of 1979. 1In some instances

incidence risk estimates were obtained by transforming mortality risk
estimates as explained in the BEIR report (1). The technique employed
the lifetime expectations of (a) developing, and (b) dying of, cancer of
a specific site.

The conversion of BEIR linear-model risk coefficients to coefficients

for the BEIR linear-quadratic model, in which the excess risk from an ex-
= posure to D rad is proportional to D + D2/116, was accomplished by dividing
the linear coefficients by 2.5 (see Chapter V-B). The results obtained by
this procedure are not necessarily identical to those that would have been
obtained by reanalyses of the original data using the new model, but this
source of uncertainty is unimportant relative to that involved in the cheice
of the crossover dose of 116 rad. The statistical uncertainties underlying
this procedure are appreciable. The reliability of the crossover value
depends more on its agreement with experimental results obtained over a
wide range of biologic systems than on its statistical stability (See
Chapter V-B).
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Finally, a question has been raised as to the source of the BEIR III
coefficients, especially their considerable dependence upon the experience
of the Japanese A-bomb survivors and their applicability to the 1.S.
population. The only available test here is one of consistency among
sources, and in general the absolute risk coefficients obtained in Japan
are very much like those obtained in the U.S. and U.K. except that their
variances are smaller because the experience iIs larger. This subject is
discussed mwore fully in Chapter III-K.

J. Dose Rate

The linear-quadratic model used for the risk estimates with low-LET
radiation for all cancer other than breast and thyroid, having a "cross-
over” point at I16 rad, is based on acute (i.e., fairly high dose rate)
exposures to radiation. As has already been discussed in Chapter III, at
low dose rates the quadratic term becomes less important, and at very low
dose rates it is assumed that the dose-response function is reduced to
the linear term only. The exact dose rate below which the quadratic term
can be ignored is not precisely determined, but experimental studies
Indicate that it might be on the order of 0.001 rad/min or | rad/day, or
perhaps somewhat greater (see Chapter III-I). For acute exposures below
5 rad, the contribution of the quadratic term is on the order of 4 percent
or less of that of the linear term alone. The approach being suggested
for the calculation of protracted or fractionated radiation (see Chapter
V) will reduce any dose-rate effect to well within these limits of error.
For thyroid and female breast the available data suggest a linear dose-
response model which implies that there should be no influence from vari-
ation in dose rate. The latter inference is borne out in the case of the
breast.

In human cells in vitro the greatest change in effect (cell inactiva-—
tion) with dose rate occurs in the range 100 rad/min to 10 rad/hr (26);
one may, therefore, as a first approximation, assume no variation in
effect with dose rates in the LQ model at dose rates greater than 100
rad/min. For dose rates in the transition range (10 rad/hr to 100 rad/min),
if one were to treat large eéxposures as acute doses, the margin of error
would be the contribution of the quadratic term of the linear-quadratic
model. Below the cross-over point (116 rad) that would imply a factor
less than 2.0. It is reasonable to assume that not many exposures will
fall in this dose-rate range, but such exposures should be treated on an
ad hoc basis.

The uncertainty associated with the dose rate is essentially incorpor-

ated in the factor estimated for the choice of dose-response model,
especlally when account is taken of the uncertainty in the crossover dose.

K. Time-Response Models

Risk coefficients are either absolute, i.e., calculated as an excess
over and above baseline incidence, or relative, i.e., expressed in multiples
of the natural 'incidence. Absolute risks are frequently expressed as
excess cases per million persons per year and per rad (or rem), whereas a
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relative risk estimate may be some (generally comstant) fraction of the
baseline incidence corresponding to the effect of a fixed dose, e.g., a
rad (or rem). Whern a constant absolute risk is used as a time-response
model it suggests that the risk of radiogenic cancer is viewed as independent
of the underlying baseline risk. A constant relative risk model for time-
response is suggestive of mechanisms by which radiation interacts with
other causes to miltiply the baseline risk by some constant (see Chapter
IV-H). These wodels, and the measures they generate, have very different
~ implications for the calculation of excess cancers followlng exposure to
radiation. Under the constant absolute risk model for distributing
radiogenic cancers over time, once expression has been established, the
excess per unit of population, dose, and time, is constant. Under the
constant :relative risk time-response model, the number of excess cases
during the period ¢ =expression is a fixed multiple of baseline incidence
and, therefore, for st solid tumors, increases with ars. For the
interval observation ‘rom which the risk estimates are .unerated, both
measures must, of course, yield the same total excess, hat the exc?ss
will be distributed differently over time. For the period beyond the
interval of observation, the predicted excess will frequently be very
different for the two measures and greater with the relative risk model
since baseline rates of cancer generally increase markedly with age.

s
H
i
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Although the absolute risk time-response model has dominated the
literature and has been the choice of such groups as the ICRP (4) and
UNSCEAR (2), in the NAS BEIR I (27) and BEIR III (1) reports it has been
used in parallel with the constant relative risk time-response model.
Recent data on the experience of the A-bomb survivors (25,28) have
provided a strong basis for employing the relative risk model in preference
to the absolute risk model, especially for breast cancer and lung cancer,
and the working group has adopted the relative risk approach in calculating
this first edition of the PC tables (see Chapter V-C). The use that is
made of the constant relative risk approach, however, is not based on the
assumption that the relative excess per rad is invariant with respect to
age, sex, tumor site, geographic or cultural region, etc. Rather, it is
limited to the assumption of a relative risk that is constant over the
period 10-35 years after exposure for a particular tumor, a particular
age~group at exposure, a particular sex, and a particular population
level of baseline incidence.

Within the period of observation, generally up to 35 years after ex-
posure, the uncertainty introduced by the choice between the two models is
not large, but it does increase thereafter. In the life-~time projections
of the BEIR I1I report, where risks are extrapolated beyond the present
range of the available human data, constant relative risk estimates of
the total burden of radiogenic cancer from a continuous exposure of
1 rad/year beginning at birth are about 3 times those based on constant
absolute risk estimates (1). With continuous exposure beginning at age
20, however, the differential in risk is only about two-£fold.

R

i

The constant relative risk model is definitely superior to the constant
absolute risk model which simply does not fit the data. But with additional
observations, beyond the 35-year interval for which data are presently avail-
able, the constant relative risk model may fit less well than it does for the
earlier period. For example, the multiple of baseline incidence may decline
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after 40 or 50 years. Thus, PC estimates calculated for intervals of more
than about 35 years after exposure have an additiomal element of uncertainty.

L. JInteraction with Other Carcinogens

The prevalence of carcinogenic influences in one's environment and
life-style suggests that any individual with cancer following exposure to
ionizing radiation will also have been exposed to other carcinogens. The
only competing risk factor for which the Working Group has been able to
find adequately quantitative data is smoking in relation to lung cancer.
Smoking is a very potent risk factor for lung cancer. The relative risk
of lung cancer for heavy smokers versus non-smokers, about 24, is exceeded
for very few risk factors. Unfortunately the literature is unclear as to
the nature of the interaction between smoking and ionizing radiation in
this case: a recent analysis of the experience of the U.S. uranium
miners suggests a multiplicative relationship (29), another on Swedish .
iron miners suggests an additive relationship (30), and finally, the data ‘
on the A-bomb survivors suggest additivity (31). 1In the present report,
additivity has been assumed for low—LET radiation and a multiplicative
relationship for exposures to radomn daughters. The range of uncertainty
surreunding the choice of model in this case is roughly indicated by the
values of "W" in Chapter IV-H that vary from 6.8 for non-smoking males to
0.29 for males with a two-pack-a-day habit. That is, these are the
multipliers that are considered appropriate for the additive model, while
under the multiplicative model "W" is one.

For many sites of cancer there are factors that seem able to increase
the risk of cancer by a factor of two or more, and for all of these it
has been assumed that the multiplicative model is more appropriate. This
assumption, it should be noted, is not based, as is the choice of model for
smoking, on empirical studies of radiation and other specific carcinogens,
but on the fact that, in the few series with relevant observations, the
distribution of the radiogenic excess over time appears to be proportional
to baseline incidence. If another carcinogenic factor is present in
addition to the radiation, and to a degree greater than average for the
baseline population, and the two factors are additive in effect, the
normal cancer incidence assumed for the PC calculation is too low and the
resulting PC value, too high. If, on the other hand, they interact
multiplicatively, no adjustment is required. The problem is discussed
further in Chapter IV. ] i

M. = Other Sources of Uncertainty

In addition to the above sources of uncertainty, for which there is
some information, others can be named for which information is completely
lacking: hormonal status, genetic or other differences in DNA repair
capability, and other host factors, particularly immune status. It is
extremely difficult to establish the etiology of an individual tumor, but
epidemiologic and toxicologic studies have identified a number of specific !
carcinogens for man, and any instance of a cancer following exposure to
ionizing radiation should ideally be reviewed in the context of exposures
to other carcinogens that may, in fact, have been responsible for initiating
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the tumor. Assigning to each known carcinogen its share of responsibility
in the process, however, requires far more information than is presently
available in quantitative form, and the Working Group has been able to go

no farther in this direction than to account for the influence of smoking
status in instances of lung cancer (see Chapter VI-H). The PC calculations
are unaffected, however, by exposure to carcinogens which interact multi-
plicatively with ionizing radiation. Finally, if completeness of ascertain-
ment for slowly progressing tumors, like thyroid cancer, has been greater
for exposed subjects than for the general population, an upward bias is
introduced into any PC calculation.

N. Effects of Variation in Density of Energy Deposition (LET)

The above discussion has dealt largely with low-LET radiation. There
are, however, two exceptions: the tables for bone cancer apply only to alpha
radiation from radium~224, and tentative estimates have been provided for lung
cancer following exposure to alpha particles from inhaled radon daughters. °
Data on the induction of bone cancer by low-LET radiation are inadequate
as a basis for PC estimation and the Working Group, following the BEIR
I11 report, has used the medical experience with radium-224 as a basis for
PC estimation, but with no intention that it he applied to the long-lived
isotopes of radium much less to low-LET radiation. This means that the
bone tables are of very restricted applicability.

Although the Working Group has assumed, throughout, that X and gamma
radiation are equivalent in terms of RBE, this is not strictly so since the
LET and, therefore, generally the RBE for any given type of radiation,
will diminish as the energy is increased. For this reason, energetic
gamma radiation is less effective than 250kVp X rays. The differerce is
relatively small at higher doses and dose rates, but may be quite signifi-
cant at low doses and dose rates. For example, for mutations in Tradescantia
and chromosome aberrations in animal cells, cobalt—60 gamma radiation at-
low doses was observed to be between 1/3 to 1/2 as effective as the
reference 250kVp X radiation (32,33). This implies that at low doses and
dose rates exposures to energetic gamma radiation is less damaging than
exposure to so-called ortho-voltage X rays and that the tables will yield
PC's in excess of the true values. It also implies that, insofar as some
of the site-specific risk factors derive in part from the Hiroshima-Nagasaki
experience, these risk factors may be somewhat lower than they would for
kVp X rays. The Working Group does not have the data that would allow it
to address this issue at the computational level.

0. Propagation of Uncertainties and Their Effect upon the Probability of
Causation

Table VII-6 summarizes the various sources of uncertainty, how they
were handled, their estimated magnitude and how their resolution by the
Working Group may have influenced the PC values that can be calculated
from the procedures detailed here. It is desirable to estimate the
effect that these uncertainties, acting jointly, may have on the calculated
value of the PC.
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The excess relative risks are considered to be subject to uncertainties
that have lognormal distributions. The logarithms of the “best estimates”
which are tabulated then correspond to the mean values of normal distribu-
tions.

A normal distribution is symmetric about its mean, and deviations from
that mean are expressible in standard form as nultiples of the standard
deviation of the distribution. Thus, for example, 957 of a normal distri- wg
bution with mean y and standard deviation ¢ lies between u - 1.96; and y + L
1.960. A lognormal distribution also is symmetric about its geometric
mean G, but in a multiplicative sense. G is the exponential of the arith-
metic mean on the logarithmic scale. Defining the “geometric standard de-
viation™ (G.5.D.), S, as the exponential of the standard deviation on the
logarithmic scale, it follows, for example, that 95% of the distribution
lies between

G x 57196 = exp (1nG - 1.96 InS)

N
n

and

u

6 x $1+96 = exp (1n¢ + 1.96 1ms).

In the above formulation, if G and § are estimated, then the interval
(L,U) corresponds approximately to a 95% confidence interval for the true
geometric mean. In some applications no value of S may be obtainable
directly from data, but if a 95% “"credibility interval”™ of the form (L,1)
can be constructed for the true geometric mean, a subjective estimate for
S can be calculated by solving the relationship

L/0 = §3.92,

The G.S.D. for a lognérmally distributed estimate G, which is itself the
product of K independent estimates, each with 6.8.D. 54, can be calculated as

In%s = 1n%5) + . . .+ Inls,,

and a credibility interval for the true value can be calculated in terms of
G and S.

Where G.S.D.s could be calculated from available data, as for variation
in baseline rates, the values 81 were estimated as the exponentials of the
standard deviations of the logarithms of the rates. In other instances the
values of S were estimated as described above, relying on estimates of U and L.

The uncertainties are of two kinds: Those which may equally well be in
either direction and those, like that which derives from the reassessment of
the A-bomb dosimetry, which are considered more likely to be in one direction
than the other. We refer to then briefly as unbiassed and biassed uncertainties.?%

Rl

1. Unbiassed unceftainties

g

o Baseline values. The All Areas SEER incidence rates are
appropriate for an average member of the population of the United
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States; a different baseline rate may, however, apply to a parti-
cular individual, based on geography of residence. Table VII-1
shows, for each of the ten SEER areas, the age-adjusted incidence
rate for each cancer. Geometric standard deviations (G.S.D.s) of
the rates have been calculated for each cancer for males and females
separately; they ranged from a low of 1.076 for acute leukemia in
males to a high of 1,636 for liver cancer in males. 1In general, the
G.S.D.s for particular cancers were of similar magnitude for males
and females. Upon pooling the G.S8.D.s for cancers for which the
values were similar, the following values were obtained:

Geometric Standard Deviation
. among SEER Registries

Kind of Cancer Sy
; All leukemia except chromnic 1.10
. lymphatic

Acute or chronic granulocytic leukemis,
bone, breast, pancreas, colon and

“ kidney and bladder 1.17
Salivary glands, thyroid, lung and

stomach : 1.36

Escophagus and liver 1.53

o Influence of Age at Exposure. Risk estimates have been
provided for only those ages at exposure for which adequate data
are available. From Table VI-1 it can be seen that for most
cancers excess risk per rad varies by a factor of about 4 as
between ages 20-34 and 50+. Exceptions are leukemia, liver,
breast and thyroid cancer. Taking account of the stepwise
nature of the age variations shown in Table VI-1, a total umn-
certainty of about 50 percent is suggested. If U and L are
estimated as 1.5 and 0.667 times the stated values, then U/L =
2.25, and the G.S.D. is calculated as S = 1.23.

. o Time Response. As explained in Chapter V, a wave—
: like, lognormal functional form has been used to express the
time course following exposure for radiation-induced leukemia

: or bone cancer. For all other cancers, following an initial
gg latent period, relative risks per rad are assumed to be constant.
) It is unlikely that the time course for leukemia is in error by
more than about two years - that is, the peak year for chronic
granulocytic leukemia is estimated to be five years after
exposure; the body of data concerning human radiation leukemo-
genesis is sufficiently large and consistent that an error of
more than two years in the timing of that peak is most unlikely.
The temporal distribution curve following exposure (Table X~
1-A) shows that an error of two vears in the placement of the
curve seldom changes the value of the curve by much more than
10 percent, and amounts to about 20 percent as between three
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and five yearsvéfter exposure. The G.S5.D. can be estimated,
then, to be no more than 1.10.

With respect to the solid cancers, the Working Group has
adopted the constant relative risk time projection model,
Avallable data indicate that this model is at least an excel-
lent first approximation; there may, however, be some variation
with time in the relative risk, especially for persons young at
the time of exposure, and after intervals of twenty-five to
thirty years. Such uncertainty is assessed to be no more than
a factor of about 1.3; the G.S.D. is estimated as 1.15.

o Ratio of the Linear Coefficients in the Linear (L) and
Linear—Quadratic (LQ) Dose—-Response Models.
As explained in Chapter V, the 1980 BEIR regression analyses of
wortality from all forms of cancer except leukemia yielded co-
efficients in the ratio of 2.5. That is,

EL/ELQ = 2.9,

This ratio depended on the assumed crossover dose of 116 rad,
an estimate derived from the data on mortality from leukemia.
Had a different cross-over value been selected, a different
ratio would have resulted. The ratio depends on the cross-over
dose, C, as follows:

EL/ELQ =1 + 174/C.

The counsequences of assuming that C is as small as 33 rad, or as
large as infinity, in alternative fits to the original data of

the BEIR Committee, are shown below:
Cross-over Value Rafio EL/ELQ
(rgd)
33 - 6.3
50 4,5
75 3.3
116 2.5 .
200 1.9
Infinity 1.0

The formula for the "effective" dose is D + D2/C and thus
effective dose varies little with the value C if the dose is less
than 5 rad, but uncertainty in.the linear term, 2.5, 11lustrated
above, strongly affects the PC.

It 4s thought that the true value of the cross-over dose
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is almost certainly in the range from 33 rad to infinity. The
ratios which correspond to those values are 6.3 and 1, with a
geometric mean of 2.5. 1If the probability that the stated
range does cover the true value is assessed at 99%, then the
G.S.D. for the ratio is 1.43 = 6.31/5412, This value applies
to all cancers except breast cancer and thyroid cancer, for
which a linear dose response model has been used.

An infinite cross—over value, which corresponds to the
value of 1.0 for the ratio ELJELQ, characterizes the linear

. dose-response model. The pure quadratic dose response model

would correspond to a cross—over value of zero rad, and an
infinite ratio. Even for a cross—over value as low as 33
rad, the dose-squared term adds no more than 15 percent to
the effective dose for an organ dose of 5 rad.

Biassed Uncertainties

o Latent Period. There seems little doubt that beyond 15
years from exposure, the full radiation risk applies for all
cancers except leukemia and bone cancer and that at least five
years is required for a radiation exposure to result in an
overt cancer. The Working Group has chosen to calculate PC's on
the assumption that full expression occurs as early as 10 years
after exposure and has assumed that risk rises in a smooth way
from the fifth to the tenth vear. While there is little reason
to question the estimates on the basis of latent period except
in the interval 5 to 14 years, within that interval uncertainty
does exist. This uncertainty is biassed, in the sense that the
estimates, if erroneous, are likely to be erroneously high.

If it be supposed that, in the interval 5 to 15 years, the risk
estimate is, with credibility 95 percent, between one-half of
that embodied in the Working Group's formula, and the full
value, then the range .50 to 1.00, with geometric mean 0.7}
(bias correction factor) has a G.S.D. of 1.19.

o Risk Coefficients. Many, but not all, of the risk
coefficients used here are based mainly upon the experience
of the Japanese A-bomb survivors; the exceptions are for can-
cers of bone, salivary glands, liver, pancreas, and thyroid
gland, Recently it has become apparent that the dosi-
metTy system, designated T-65, upon which the Japanese data
are based, was seriously in error (34-36). An intensive
effort to provide a new and better dosimetry system is under
way (37,38) but has not yet been completed at this time
(December, 1984). Estimates have been provided, however, of
the changes that may result in the dose—effect coefficients
for gamma rays, by Fujita as increases by a factor of 1.2 to
1.7 (39) and by Jablon as 1.6 to 2.2 (40). If it is assumed
that a 95 percent credibility interval on the factor ranges
from 1.2 to 2.2, the geometric mean would be 1.62, with a
G.8.D. of 1.17. These values would apply only to those cancers
for which the BEIR III risk estimates were based, in large part,
upon the A-bomb survivor experience: the leuvkemias and cancets
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of the esophagus, stomach, colon, lung, breast and kidney and
bladder.

In addition to the uncertainty which results from prospect-

‘ive revision of the A-bomb dosimetry, additional uncertainty

follows from the fact that the low-LET radiations in that
situation were high-energy gamma rays, while 250kVp X rays, in
experimental situations, have been reported to be more effective
by a factor of 2 or 3 at doses on the order of two or three rad
(32,41,42). This will not affect the use of the tables in

cases where the radiations in question are hard gamma rays, as
for workers in nuclear power plants or persons present at tests
of nuclear weapons. -

Combined Uncertainty

Recapitulating the uncertainties, and combining them, we
have:

7 Source G-S-D.(S{)

Baseline values
Esophagus and liver cancer 1.53
Salivary glands, thyroid, lung & stomach cancers 1.36
All leukemia-except chronic lymphatic 1.10
All other cancers 1.17
Effect of age at exposure . 1.23

Time responses

Leukemia & bone cancer 1.10
Other cancers : 1.15
Ratio of the L to LQ linear coefficient 1.43

(Except breast & thyroid cancer)

Latent period (years 5-14 after exposure only)
(Except leukemia and bone cancer)
with bias correction factor = 0.71 1.19

Risk coefficients derived from A-bomb survivors
Leukemia, cancers of esophagus, stomach,
colon, lung, breast, kidney & bladder
with bias correction factor = 1.62 , 1.17

Risk coefficients for other tabulated cancers 1.17

The combined uncertainties for each form of cancer are shown in
Table VII-7.

Effect of Uncertainty of Risk upon the Probability of Causation

To obtain a 90 percent "credibility interval™ for the PC

- 96 -




we first obtain limits for the value of R in the formula:

If upper and lower limits on R are substituted in this formula
corresponding limits on thé PC are cobtained.

Suppose R is multiplied by some factor, V, giving

Rt =R x V.

1f PC' is the "true” value of the PC which corresponds to R', then
PC' = Rx V/(1L +Rx V), |
The value of PC' can be expressed directly in terms of PC and V as:
| PC' = V x PC/(1 + PC x (V - 1)), ‘ Eq. (1)

Note that in Eq. (1) the PC is expressed as a fraction, rather than a
. percent.

The upper limit of the 90 percent "credibility" interval for. .
R is obtained by multiplying the value of R by glbb5 The corres—
ponding lower limit is obtained by multiplying by the reciprocal
of that value. Both limits must then be multiplied by the “bias
factor” if it is different from 1.0.

For example, for bone cancer the value of § is 1.57 (Table

VII-7). Raising this to the power 1.645 gives the result 2.10.
The 90 percent credibiliry limits on R, for bone cancer, are
obtained by multiplying by 2.10 and its reciprocal, 0.48.
For All Leukemia the value of § is 1.59 which, when raised to
the power 1.645 yields 2.14. For leukemia, however, the bias
factor 1.62 applies, so the upper and lower limit factors

- must be multiplied by 1.62, yielding 3.47 and 0.76. These

? values can be used for V in Eq. (1) to obtain the 90% limits
that correspond to any calculated PC. For bone cancer and All
Leukemia, respectively, the 90Z limits for a PC calculated as

5% would be
Bone cancer 2% to 10%
All leukemia except CLL 4% to 15%

The bounds for leukemia are quite asymmetrical because of the
bias correction factor.

Table VII-8 shows, for each cancer, the factors V to be used
to obtain lower and upper limits for the 90% credibility interval
on any PC.

Table VII«9 shows for certain PC values and factor V values

the corresponding lower and upper limits for the 90% credibility
interval on the PC. As examples:
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Acute leukemia - PC is calculated as 10%. From Table VII-§
the lower and upper factors are 0.74 and 3.55. From Table VII-9
the bounds on the credibility interval are 7% to 29%.

Breast cancer - PC at 15 or more years post-exposure is.
calculated as 5%. The factor bounds (Table VII-8) are 0.93 and

2482, The bounds on the credibility interval (Table VII-9) are
5% to 13%.

Table VII-10 shows the calculated PC for which (with 95%
credibility) the "true” PC is more than 50%Z. For example, from
Table VII-§ it is found that for acute leukemia, the factor for
the lower limit is 0.74. From Table VII~10 it is found that the
value of the calculated PC, for which the "true™ PC is at least
50%, with credibility 0.95, is between 56% and 59%. Exact
calculation inverting Eq. (1) shows the value to be 57%.

3

In summary, although the effect of uncertainty is somewhat variable

depending upon the particular cancer and the lateat period, certain gen-
eralizations can be made:

l. If the PC as calculated here is 2% or less, the "true” PC almost
surely would be 7% at most (upper limit) even if we had sure knowledge
concerning all the unknowns which contribute to the uncertainties.

2. If the PC is in the range of 5 to 10% the “true" PC might be
quite small (1%), but might be as large as 30%. .

3. 1If the PC is calculated to be at least 20%, the “true" PC is most
unlikely to be less than 5% and may be as large as 40%.
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Table VI1-2

Largest and Smellest Ratios of Individusl Registry Age-Adjusted

Cancer Incidence Rates to All Areas Rate

Mzleg Fexzles
. Site Lergest katlo Smpallest RKatio Largest Ratio Smallest Ratio
Leukemia
Acute 1.09 0.63 1.22 6.76
(San Francisco) (Detroit) {Hawaii) {Kew Mexico)
) Chronic
Granuloeytic 1.22 .78 1.36 D.64
{Iowa) (Utah) (Utah) {Seartle and
Puget Sound)
. All Forms* 1.33 0.90 1.07 0.86
(Detroit) (New Mexico) (Hawaii) (New Mexico)
Bones & Joints 1.3 0.8 1.5 0.7
(Atlants) (CT & Detroit) {Uteah) (Hawaiti)
Salivary 1.60 0.53 1.42 0.75
(Nev Orleans) {lowa) (San Prancisco) (Iowa and
‘Drah}
Esophagus 1.32 0.47 1.37 0.26
{Detroit) (New Mexico) (San Francisco) (UVrah)
Stomach 2.14 0.70 2.3 0.66
(Hawaii) {Atlanta) (Bawaii) (lowa).
Colon 1.20 0.65 1.14 0.73
{(Connecticut) (New Mexico) (Connecticut) {Dtah)
. Liver 2.7 0.4 2.5 0.8
(Bawaii)} {Utah) (Bawaii) (Seattle and
Puget Sound)
Pancreas 1.24 0.76 1.29 0.74
{Atlanta) {Utah) (New Mexico) (Utah)
i lung & Bronchus 1.45 0.53 1.36 0.38
(New Qrleans) (DUrash) (San Francisco) {Ttah)
Breast _— — 1.12 0.83
(San Francisco) {Utah)
" Thyroid 2.48 0.68 1.91 0.76
(Rawsii) (Iowa) (Bawaii) {Iowa)

* Excluding chronic lymphocytic leukemia.
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Table VII-3

Absolute Risk Coefficients for Fatal Radiogenic Cancers
Among A-Bomb Survivors by Site or Type of Cancer

Site or Type of Cancer

Risk Coefficient?

Leukemia
Esophagus
Stomach
Colon
Lung
Breastb

Urinary tract

1.72 (1.57,
0.16 (0.02,
0.79 (0.34,
0.30 (0.16,
0.61 (0.37,
0.50 (0.29,

0.15 (0.04,

1.87)
0.30)
1.24)
0.43)
0.86)
0.72)

0.26)

8Excess deaths/106 person—year~rad; linear coefficients

with 907 confidence intervals.
bFemales only

From Kato and Schull, 1982 {25)
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Table VII-4
Numbers of Deaths from Cancers of Various Organ Systems, 1950~

1974, in A-bomb Survivors under Age 10 in 1945.

Number 2f Deaths
Total With 10+ Rad

All malignant neoplasms except leukemia 26 ;1
Digestive organs and peritoneum 16 5
Stomach } _ , 12 4
All other digestive organs combined -4 1
Trachea, bronchus and lung 7 0 0
Lymphatic and hematopoietic ' -3 1
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Table VII-5

EP—

Numbers of Deaths from Cancers of Various Organ Systems, 1950-

1974, in A-bomb Survivors Aged 10-19 in 1945. %
Number of Deaths %%M
Total With 10+ Rad "
All malignant neoplasms except leukemia 128 45 "
Digestive organs and peritoneum 70 21
Stomach 44 11
Colomn _ 3 2 )
Esophagus, rectum and pancreas 7 3
Other digestive organs 16 5 .
Trachea, bronchus and lung 5 2
Breast : 14 11
Lymphatic and hematopoietic 7 3
All other combined | 32 . 8

b

7
B
B
£y
B
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Table VII~6

Summary of Uncertainties and the Effect of Their

Resolution on PC Values

Resolution by the
Source of Uncertainty Working Group

Practical Effect on
PC Calculations

Dose to individual Outside purview of
Working Group

Source tables on SEER tables for all
cancer incidence races and regions
combined, but
specific by age
and sex; only 1973~
1981 data used

Influence of age at Many coefficients for

exposure younger ages omitted;
interpolation is neces-
sary to obtain values
for single years

Sex differences The few known sex dif-
- ferentials are used

Sites and cell-types Lymphomas and multiple
myeloma excluded;
liver, pancreas,
salivary gland included

Minimal latent Minimum of 2 years for
period leukemia and bone;
smoothed 5-10 for solid

Risk coefficients BEIR III linear coeffi-
cients for solid tumors
adapted to linear-
quadratic model, except
breast and thyroid

Dosimetty im As reflected in the
epidemiologic BEIR IIT coefficients
studies

- 109 -

Highly variable,
especially if unbadged

Without further adjust-
ment for ethnic and re-
gional differences, PO
values may be high, or
low; ignoring changes
in incidence over time
affects some PC's for
early onset of certailn
cancers

Fewer PC values obtain-
able for younger ages;
PC's for exposure

after age 65 epecially
uncertain

Unknown

Exclusion makes PC ap-
preach inapplicable;
inclusion may provide
wrong guidance

There will be fewer
zero PC values within
10 years of exposure

Essential statistical
uncertainty carried
forward into PC cal-
culations

A-bomb revision may.
increase many risk
coefficients by factor
of 1.2-2.2 and PC
values somewhat less




Table VII-6 (continued)

Source of Uncertainty

Resolution by the
Working Group

Practical Effect on
PC Calculations

Dose-response
function

Dose-rate

Time-response model

Linear-quadratic (LQ)
model assumed for low-
LET exposure, linear
{L) for thyroid and
breast

Fractionated or con-
tinuous exposures with-
in a 24-hour periced

are treated as single
exposures. Other ex-
posures separated in
time are treated in-
dividually, not summed.
Accumulations over
longer periods are
treated as separate
exposures occurring on
different days

Constant relative risk
model for solid tumors
except bone; wave func-
tion for leukemia and
bone
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The true PC may be
greater or less, depen-
ding on the actual form
of the dose~response
function. PC's calcu-
lated at less than 2%
may be too large or too
small by not more than
a factor of 2.5, PC's
of 5-20%, by not more
than a factor of 2,

and larger PC's, by
lesser amounts

Ignoring fractionation
within a 24-hour period
probably overestimates
risk by an amount no

greater than the quad-
ratic coefficient mul-

.tiplied by dose-squared.

Under the linear model
fractionation does not
affect estimated risk

For leukemia and bone
cancer, for which a

wave function is clearly
indicated, any uncertain-

ty relates not to the
choice of the model but
to its precise form.
For other tumors the
effect on PC values
depends on the interval
between exposure and
diagnosis and whether
it falls outside the
period of observation.
Within the period of
observation PC's will
be lower toward the
beginning of expression,
and higher thereafter,

(continued)
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Table VII~6 (continued)

Resolution by the
Source of Uncertainty Working Group

Practical Effect on
PC Calculations

Other risk factors No adjustment made,
except for smoking

thar if based on the
constant absolute

risk model; after the
period of cobservation
PC's will be generally
higher. Relative risk
models incorporating
some variation over time
might increase or de-~
crease particular PC
estimates

Unknown, and depending
on any interaction with
radiation.

oo
s
i

g
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Table VII-7

Combined Uncertainties and Bias Correction Factors

Years after Combined Bias Correction
Kind of Cancer Exposure . Uncertainty (§) Factor
All leukemia ‘ Any 1.59 1.62
except CLL
Acute or chronic
granulocytic leukemia Any , - 1.61 1.62
Bone ‘ Any 1.57 1.00
Salivary gland 5-14 1.75 0.71
15+ 1,71 _ 1.00
Esaphagus 5-14 1.92 1.15
15+ 1.88 1.62
Stomach, lung 5-14 1.79 1.15
15+ ' 1.74 1.62
Colon, kidney and 5-14 1.68 1.15
bladder 15+ 1.63 1.62
Liver 5-14 1.88 0.71
15+ 1.84 1.00
Pancreas 5~14 1.64 c.71
‘ 15+ 1.59 1.00
Breast 5-14 1.46 1.15
Thyroid 5-14, 1.54 0.71
15+ 1.49 1.00
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Table V1I-8

Factors to be Used for Limits of a 90 Percent Credibility Interval

Factor for

. Lower Upper
Kind of Cancer Years after Exposure Limit
All leukemia
except CLL Any 0.76 3.47
; Acute or chronic :
granulocytic leukemia Any 0.74 3.55
_ Bone ~ Any 0.48 2.10
Salivary gland 5-14 _ 0.28 1.78
15+ . 0.41 2.42
; Esophagus 5-14 0.39 3.36
15+ : 0.57 4.58
Stomach, lung ' ~ 5-14 0.44 3.00
: 15+ 0.65 4,03
Colon, kidney and 5-14 0.49 2.70
bladder ' 15+ 0.73 3.62
Liver 514 ' | 0.25 2.01
15+ 0.37 2.73
Pancreas 5-14 0.31 1.60
15+ 0.47 L 2,14
) Breast 5-14 . 0.62 2.14
f ‘ 15+ 0.93 2.82
Thyroid 5-14 0.35 1.44
15+ 0.52 1.93
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Table VII-9

Limits for 90 Percent Credibility Intervals on Probabilities of Causation

(A) Lower Limits (95 percent)

Factor PC = 5% 10% 20% 30% 50%
Percent

0.2 1 2 5 8 17 §
0.3 2 3 7 11 23

0.4 2 4 9 15 29

0.5 3 5 11 18 33

0.6 3 6 13 20 38

0.7 4 7- 15 23 41

0.8 4 8 17 - 26 44

0.9 5 9 18 28 47

(B) Upper Limits (95 percent)

Factor PC = 2% 5% 107 20% 30%
' Percent

1.4 3 7 13 26 - 38
1.6 3 8 15 29 41
1.8 4 9 17 31 44
2.0 4 10 18 33 46
2.2 4 10 20 35 49
2.4 5 11 21 38 51
2.6 5 i2 22 39 53
2.8 5 13 24 41 55
3.0 6 14 25 43 56
3.2 6 14 26 44 58
3.4 6 15 27 46 59
3.6 7 16 29 . &7 61 ,
3.8 7 17 30 49 62
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Table VII-10
Values of the PC for which a 95 Percent

Lower Credibility Limit is 50 Percent

PC for which 507 is the Lower Limit

%é Factor for Lower Limit Percent

: 0.2 83

il 0.3 77
0.4 _ 71
0.5 67
0.6 62
07 59
0.8 56
0.9 53

s
il

]
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CHAPTER VIII — FUTURE REVISION OF THE TABLES

The tables cannot now provide precise measures of the probability
that certain cancers have resulted from previous exposures to known
doses of ionizing radiation. The tables represent, however, a first
and important step in the direction of a rational basis for assigning to
radiation exposure a measure of the likelihood of its role in the causation
of individual cancers.

The PC tables will have to be revised periodically as new information
and new insights become available. The Orphan Drug Act provides a criterion
for the frequency of revision: every 4 years or whenever the Secretary of
Health and Human Services "deems it necessary to ensure that they continue
to represent the best available scientific data and expertise.” The
United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) has in preparation another of its periodic reports that is
- scheduled to include a section on carcinogenesis, the last such section
having been published in the 1977 report. The National Academy of Sciences
1s forming a new committee that will first study the effects of high-LET
radiation and then move on to low-LET radiation. In perhaps two years
the revision of the dosimetry of the Japanese A-bomb survivors may have
begun to yield revised risk estimates based on that experience. The BEIR
IT1I report was based on the world literature as it existed in 1979, and
the mortality data on the A-bomb survivors at that time had been reported
only through 1974. Their mortality through 1978 has now been reported
and within a year or two there should be an update through 1982. These
several efforts, at least, ought to be completed before any overall
revision of the tables would seem useful, unless the effort to revise the
tables were to duplicate those efforts.

On the other hand, it would be well to keep in mind the possibility
that some portion of the data on which this first version of the tables
rests may become obsolete before a general revision is indicated. In
that event, a supplement might well be issued with respect to a particular
site for which greatly improved estimates could be provided, or for a site
excluded from the present report. Or, perhaps as a result of the initial
deliberations of the new NAS Committee, it may be evident that estimates
could be made for certain exposures to high~LET radiation. Another possible
candidate for a supplement is a revision of the material on thyroid cancer
to include the effects of exposure to internally deposited iodine-131 for
which the Working Group concluded that PC estimates could not be made at
this time. Section 7a of the Orphan Drug Act also provided for a study
of the effect of iodine-131 on the likelihood of thyroid cancer, and an
Ad Hoc Working Group on Thyroid/Iodine-131 Assessments has been formed to
address this task.

The BEIR IIT report was not created with the needs of the radioepi-
demiologic tables in view and the Working Group has found that some of
the factors developed in that report toc enable estimates to be made for
the effect of continuous exposure of the entire population from birth to
the end of life lack the reliability needed for the present purpose {cf
Chapter VII). The BEIR Report also provided no systematic basis for
estimating the effects of exposure to internal emitters, a difficult
subject at best and one for which few data adequate for PC estimation
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exist. 1Internal emitters are important sources of exposure, especially
plutoniur and radon daughters, and a comprehensive set of procedures for
PC calculations ideally should make provision for thems. The NAS committee
preparing the next BEIR report should be sensitive to the need for

PC estimates and provide the kind of statistical information that is re—
quired for their calculation. If the Department of Health and Human
Services were-to maintain a standing group charged with responsibility for
the tables, liaison between this group and the NAS committee will also be
necessary 1f supplements to the tables are to be issued as updates on
particular sites of cancer prior to any full-scale revision. A standing
committee might also observe the use of the PC tables in compensation
cases by the courts or by administrative boards and consider how the
tables might be improved for judicial use.

In brief, four or five years hence, authoritative information concern-
ing the radiation induction of solid tumors will be much improved from '
its present state; not only will the data be more robust statistically in
consequence of larger numbers, but the data on A-bomb survivors, now
avallable only through 1978, will have been extended to 1982 or 1986.

Thus, it should be possible either to verify that the relative risk
time-response model applies to follow-up periods as long as 40 years, or

to learn what modifications are required; additional evidence concerning

the shape of the necessary dose~response curves should help to clarify

this controversial subject and data from other human studies may cast
additional light on the general applicability of risk estimates generated
from particular populations. Further, greater confidence in the appropriate-
ness and reliability of some of the key assumptions, especially those relat-
ing to dose-rate effect, dose~response model, and time-response model, will
depend on a better understanding of the mechanisms of malignant transformation
at the molecular and cellular levels where research is presently very active.
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CHAPTER IX: THE GENERAL FORM OF THE PC CALCULATION

The probability of causation (PC) for a cancer diagnosed after one
or more exposures to lonizing radiation has the general form, simplified
from formula IV-2, '

PC = R/(1 + R).

The relative excess, R, in the case of a single exposure of short duration
to a subject typical of the US population, is given by the product of
three quantities:

In the above expression F quantifies the dependence of R on the radiation
dose to the relevant tissue, and its quality. The use of a mere badge or
environmental reading would lead to erroneous PC values; absorbed tissue
dose must be used in the procedures described here. T gives the dependence
of R on time after exposure. K indicates the dependence of R on age at
exposure, sex, and, for some cancers, age at diagnosis.

For low-LET radiation, the exposure factor F depends only upon radia- :
tion dose D and whether the assumed dose-response function is linear or -
linear-quadratic. The value of F is presented below as a function of '
absorbed tissue dose (D), measured in rad, by cancer site and radiation
quality:

Radiation Quality Cancer Site

Bone Thyroid or Breast Other
Low LET -— D ' D + D2/116
High LET D -— —

The above procedures are not intended to be used for cases involving
exposure from internal emitters, with the exception of radium-224 in rel-
ation to bone cancer. ) .

The factor T = T(A;,Y) represents the relative 1ikelihood that a can-
cer induced by an exposure at age Ay will be diagnosed after Y years (i.e.,
at least Y years but less than Y + 1 years). In this report both age and Y
are integer-valued variables: a person exposed 17 years and 4 months
after birth is considered to be 17 years old at exposure, and if a cancer
is diagnosed 12 years, 11 months after exposure Y is considered to be
12 years. '

Under the constant relative risk model, which has been used here for
cancers other than leukemia and bone cancer, T depends only on Y, and this
dependence is extremely simple (see Chapter V):
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Y 0-4 5 6 7 8 9 10+
T(Y) 0 +074 .259 .500 .741 .926 1.000

The constant relative risk model has not been assumed to hold for
g leukémia and bone cancer. For these cancers T denotes the conditional
i probability, assuming that a cancer has been caused by an exposure at
age A}, that it will be diagnosed 'Y years later. T is calculated as
the lognormal probability that a radiation-induced cancer is diagnosed
between Y and Y + 1 years after exposure at age Aj. For bone cancer
and chronic granulocytic leukemia, T depends only upon Y, while for acute
leukemia and for leukemia generally, without regard to type, T depends
upon’ exposure age A; as well as Y. T is tabulated separately in Chapter
X for each of these sites, for integer values of Y between 0 and 49
and, where required, for A; between O and 75.

As noted in Table VI-1, the observational base for the risk co-
efficients is generally no more than 30 or 35 years after exposure.
The various specifications of T(Y) or T(Ay,Y) for specific cancer sites
invite application beyond the period of 30-35 years or so of follow-up
that form the observational basis for the risk coefficients used in
this report, and indeed this seems the most reasonable course to take
if estimates must be wmade for cancer cases occurring long after exposure.
But it should be recognized that we do not in fact have much information
on the risk =f radiation-induced cancer for periods beyond 35 years or
so after exposure. Unpublished data on cancer mortality among A-bomb
survivors through 1982 (H. Kato, personal communication) appear to be
supportive of a continued increase in risk in absolute terms, a finding
consistent with the constant relative risk model, and excess leukemia
risk, which already had fallen to a level difficult to detect, remains
low, as would be predicted according to a lognormal model for temporal
distribution of risk. The fact remains, however, that making probability
of causation estimates for cancers diagnosed more than 35 years or so
after exposure involves projections in time beyond our present observa-
tional basis, and that there is more uncertainty involved in such pro-
jections as they are removed farther and farther in time from that
observational basis.

The factor K = K(Aj,A,,5) is the relative excess at age A for a
person of sex S exposed at age A}, when F = 1 and T = }. For cancers other
than leukemia and bone cancer K does not depend upon Ao and is tabulated
by site. For leukemia and bone cancer '

K = E/I,

In this formulation E = E(A],S) has the following theoretical interpreta-
tion: it is the estimated probability, for F=1, that a radiation-ir~.ced
cancer will be diagnosed at some time after an exposure at age Az, svided
that no other cause of death .intervenes. A quantity of more practical
importance is T(Y) x E, which is the probability of cancer Y years after
exposure, assuming survival to that year. I(A5,S) is the (site~specific)
baseline cancer incidence for persons of age A3 and sex 5. E and I are
tabulated separately for bone cancer and for each leukemia type considered.
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It must be emphasized here, following the discussion in Chapter IV-E
to G, that the use of the SEER values for baseline incidence presupposes
that the calculation is being made for an individual who, apart from the
particular radiation exposure of interest, is "typical” of the US population
for his age and sex with respect to cancer risk. The only exceptions that
are made here pertain to the smoking history of an individual with lung
cancer (see Chapter IV-H) and to prior and unrelated exposure to ionizing
radiation itself (see Chapter IV-E). It has not been possible to take into
account atypical exposure to other carcinogens such as asbestos, for example,
for which quantitative data adequate for the present purpose do not exist.
Given an atypically high exposure to a known carcinogen other than ionizing
radiation or cigarette smoking (in the case of lung cancer), which interacts
additively with radiation exposure, it is clear that the bias in the calcula-
ted PC value would be upward. That is, if it were possible to take into
account the influence of the other carcinogen, as is done for smoking in the
case of lung cancer, the adjustment would increase the basellne incidence
above the average SEER rate and thus reduce the PC value below that found by
means of the tables presented in this report. The opposite would be true
for an atypically low exposure. On the other hand, the other carcinogen
might well interact multiplicatively with radiation, for example if the
other agent acted by promotion, that is, by increasing the likelihood that
a radiation-induced cancer would develop. In that case the PC would have
no bias (see Chapter IV-G). Conceivably, other interaction models might
also apply, which would affect bias differently.

Example 1 (Breast Cancer):

A woman dlagnosed with a breast cancer at age 45, 19.7 years after an X-ray
exposure at age 25 that delivered 10 rad to breast tissue.

F(D) F(10) 10

T(19) 1

1]
]

T(Y)
K(A1,5) = K(25,f) = .00329 (Table X-10)

R=FxTxK=10x1x .00329 = .0329

PC = R/(14R) = ,0329/1.0329 = ,0319 = 3%.

* * *

Example 2 (Bone Cancer):

) A man diagnosed with bone cancer at age 20, 5.4 years after an exposure of
70 rad dose to the endosteal layer from alpha particle radiation at age 15.
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F{D) = F(70) = 70
T(Y) = T(5) = .0814 (Table X-2-A)

2.79 (Table X-2-B)

E(A7,S) = E(15,m)

I(20,m) = 1.12 (Table X-2-C)

]
L]

vl 1(A5,S)
i 2

K E/I = 2079/1012 = 2049

fi

R=FxTxK 70 x JOBl4 x 2.49 = 14.19

PC = R/(1+R) 14.19/15.19 = .934 = 93%

]

* * *

The calculation of the relative excess where diagnosis occurred fol-
lowing several radiation exposures should be made by adding the relative
excesses for each exposure, If doses D(1), D{(2), and D(3) occurred at
ages A{1), A(2), and A(3), respectively, the relative excess for the
combined exposures is given by

R = R(1) + R(2) + R(3).
The' PC of all these exposures is
PC = R/(14R).

The PC for any one of them (say the first), given the change in risk ¢ =ad
by the others, is

PC(1) = R(1}/(1+R).

* * *

Example 3 (Thyroid Cancer):

A man dilagnosed with thyroid cancer at age 25, following a 30-rad X
ray exposure to the thyroid at age 17, 8.2 vears previously. As an
infant (age 0, 24.7 years prior to diagnosis of thyroid cancer) the man
was successfully treated by high-voltage X radiation for Wilms' tumor and
it is estimated that his thyroid gland received 100 rad because of X-ray
scatter. The PC for the combined exposures is calculated as follows:

i
wd
L

For the first exposure, completely ignoring the second,

F(D) = F(100) = 100
T(Y) = T(24) =1
K(A1,S8) = K(O,m) = .106 (Table X-12)

R(1) = Fx Tx K=100x 1 x .106 = 10.6
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For the second, ignoring the first,

F(D)

F(30) = 30

T(Y) T(8) = 741

I

K(A,S) = R(17,m) = .0397 (Table X~12)
R(2) = Fx TxK-=30x .741 x .0397 = .883

The relative excess R and the PC for the combined ekposures are

R =R(1) + R(2) = 10.6 + .883 = 11.5
PC = R/(1 + R) = 11.5 / 12.5 = ,920 = 92%

* * *

Wilms' tumor is nearly always fatal unless treated, and it is highly
likely that in the preceding example the high-voltage X ray therapy saved
the patient's life. Thus the calculation of greatest interest might well
concern the extent to which the patient’s cancer is attributable to his
second exposure alone. Simply ignoring the first exposure gives R = R(2)
and

PC(2) = R(2)/(1 + R(2)) = .B83/1.883 = 0.468 = 47%. . N

This calculation treats the patient as if he were a member of the general
population; it is clear, however, that he is not. The radiation that saved
the subject's life from Wilms' tumor also, as a side effect, increased his
chances of getting thyroid later in 1ife. Therefore he 1s a member of a
subpopulation with a baseline rate that is different from the general
population. As a group, men given a 100-rad thyroid dose in infancy have

a thyroid cancer risk, in the absence of other exposure, 1 + R(1) times

as large as that of the general population. Therefore the relative

excess, in the context of that subpopulation, is

R™(2) = R(2)/(1 + R(1)) = .883/11.6 = .0761.

[

The PC calculated from R'(2) is

PC'(2) = R'(2)/{1 + R'(2)) = .0761/1.0761 .0707 = 7%.

The Ad Hoc Working Group considers the last calculation the most appropriate
in this case.

In Chapter IV-F the quantity W is introduced as the ratio of base-
line rates in the general population and the subpopulation. In the above %
example W = 1/(1 + R(1)), and R'(2) = R(2) x W. This method allows the
computation of a PC for z member of a population having a baseline risk
different from the general population by méans of the formula

R=FxTzxKxW,

provided that the factors causing the subpopulation to have a baseline risk
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different from that of the general population are additive in effect with
respect tc radiation exposure. :

Example 4 (Lung Cancer):

A lung cancer has been diagnosed 1n a 55-year—old man who was exposed
to gamma rays at age 28 resulting in a 40-rad dose to the bronchial area
of the lungs. He is a lifelong nonsmoker. 1If the PC calculation were
carried out without regard to smoking history, it would be as follows:

F(D) = F(40) = 40 + 40/116 = 53.8

]

T(Y) = T(27) =1

.000619 (Table X~9-A)

K(A;,S) = K(28,m)
R=FxTxK=>53.8x1x .000619 = .0333
PC = R/{(1+R) = .0333/1.0333 = .0322 = 3%.

From Table X-9-A, however, the lung cancer rate of male nonsmokers 1is
smaller than that of the general population by a factor of 6.81, and it
appears that smoking and radiation interact additively in the causation

of lung cancer (see Chapter IV-H). Thus W = 6.81, and the revised relative
excess is ’

R=FxTxKxW=53.8x1x .000619 x 6.81 = .206,
from which
PC = R/(14R) = .206/1.206 = .171 = 17Z.
x k%

Age at exposure, age at diagnosis, and time from exposure to diag-
nosis are tabulated in annual increments. For multiple, fractionated, or
protracted exposures taking place at a single year of age A] and corre-
pounding to the same value of Y, the doses can be summed provided that a
linear dose-response model is appropriate for each exposure. 1If the
linear-quadratic model applies, however, doses should be given for discrete
24~hour periods and treated as pertaining to separate exposures. In
practice, however, there is little purpose to subdivide accumulated doses
of less than 5 rad.

Example 5 (Acute Leukemia):

An acute leukemiz was diagnosed at age 44 in a woman following several
exposures to low-LET radiation at various ages. The first, to one rad
average bone-marrow dose, occurred at age 20, 24 years and 2 months before
diagnosis (Y=24). The second, to 2 rad, occurred 4 months later, at the
same age (A=20) but 23 years and 10 months before diagnosis (Y=23). At
age 21, 23 years and 3 months before diagnosis, 9 rad total dose was
received over a 36-hour period at the continuous rate of 250 millirad per
hour, Finally, at age 35, three exposures, to 1.1, 0.6, and 0.7 rad,
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respectively, were received on consecutive days, 9 years and 2 months
prior to diagnosis. )

The first, second, and third exposures should be considered separately,
because exposures 1 and 2 correspond to different values of Y, and exposures
2 and 3 to different exposure ages{. The 9-rad continuous exposure delivered
over 36 hours should be treated as 2 exposures because it required more than
one day, but less than two. The partition giving the maximum risk estimate
assigns 3 rad to one 24-hour period and 6 rad to another. The three ex-
posures at age 35 can be treated as one because they correspond to the
same values of A} and Y, and because the total dose is less than 5 rad.

Exposure 1:
F(D) = F(1) = 1 + 12/116 = 1.01

T(A1,Y) = T(20,24) .0101 (Table X~1-D)

il
H

E(A7,8) = E(20,f) = .914 (Table X-1-E)

I(A7,S) I(44,£) 2.73 (Table X-1-F)

[}
It

K=E/TI = .914/2.73 = 0.335
Rl =Fx T x K = 1-01 X 00101 x 0335 = -00342-
Exposure 2:

F(2) = 2 + 22/116 = 2.03

T(20,23) = .0l14
E(ZO,f) = .914
I(44,£) = 2,73

K=E/T = .914/2.73 = 0.335 -

Ry =FxTxK-=2.03 x .0114 x +335 = .00775
Expoéure 3a:
F(3) =3 + 32/116 = 3.08

.0120 U

T(21,23) =
E(21,f) = .912
I1(44,f) = 2.73

K=E/T=.912/2.73 = 0.334

R3g = F x T x K= 3.08 x .0120 x .33 = .0123
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Exposure 3b:
F(6) = 6 + 62/116 = 6.31

T(21,23) = .0120

It

E(21,f) = .912

(44, £)

g
.

2.73

o

K =E/I = .912/2.73 = 0.334

Ryp = Fx T x K

]

6.31 x .0120 x .334 = .0253

Exposures 4, 5, and 6:

[}

F(l.1 + 0.6 + 0.7) = F{2.4) = 2.4 + 2.42/116 = 2.45
T(35,9) = .0436

E(35,f) = 1.24

I(44,€)

2.73
K = E/I = 1.24/2.73 = 0.454
Ris5.6 = F x T x K = 2.45 x <0436 x .454 = .0485
R = Ry + Ry .+ R3a + R3p + R4y5,6 = ~00342 + 00775 + .0123 + .0253 + .0485 = .0973

PC = R/(1+R) = .0973/1.0973 = .0887 = 9%.

* * x
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CHAPTER X: THE CALCULATION OF PROBABILITIES OF CAUSATION FOR CANCERS

OF SPECIFIC TISSUES

1. Leukemia (204-207, except 204.1, in 8th International Classification
of Diseases Adapted for Use in the United States [ICDA])

The derivation of PC values, described in Chapters IV-VI and IX, is
more complex for the leukemias than for the solid tumors. The leukemogenic
effect of ionizing radiation does not extend to all forms of leukemia,
chronic lymphocytic leukemia (CLL) being the notable exception and there
being possibly others of lesser importance, such as hairy-cell leukemia.

The major forms of leukemiz known to be caused by radiation, the acute

forms (AL) and chronic granulocytic leukemia (CGL), differ in the likelihood
of their occurrence following exposure to radiation, in their dependence
upon .age at exposure, and in their distribution over time following
exposure.

The only series of radiation-induced leskemias that even approaches
the size needed to describe the leukemogenic effect of radiation derives
from the studies of A-bomb survivors (1), and for the present purpose it
was necessary to analyze those data in greater depth than was required
for the BEIR III report in which the risk coefficients for leukemia were
derived from the same source. Other human data on radiation leukemogenesis
are in reasonable agreement as to the general magnitude of the risk per
rad, the role of age at exposure, and the distribution of the radiogenic
excess over time (2-4). There is, however, a question as to the compara-
bility of risk coefficients based on partial-body irradiation with those
based on whole-body exposure. As a working hypothesis for radiation
protection purposes it has generally been assumed that a dose to a portion
of the marrow can be averaged over the entire marrow so that, e.g., a dose
of 800 rad to 40 percent of the marrow would average 320 over the whole
body. This hypothesis, while consistent with a linear dose response,
clearly is inconsistent with a model incorporating terms that are quadratic
or otherwise nonlinear in dose. For example, if partial-body doses are
high enough to kill or otherwise render ineffective a significant number
of cells, as seems to be the case, e.g., with X-ray therapy for cervical
cancer (5), the hypothesis is surely invalid.

The Working Group has employed the linear-quadratic dose~response
function preferred by the BEIR committee for low-LET radiation, but the
present tables for calculating PC values distinguish between acute forms
and chronic granuloeytic levkemia, while providing coefficients for
all forms considered as a group but excluding CLL. The material for all
forms except CLL may be used in those instances where the precise type
cannot be established and for chronic leukemias other than CLL and CGL.
The A-bomb survivor material on which the BEIR estimates were based
reflects diagnoses that generally were the latest and most definitive
obtainable., Leukemia that ig neither acute nor chronic at initial diag-
nosis eventually becomes acute. Therefore, the acute leukemia coefficients
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probably should be used for such cases in preference to the all-types
coefficients in the PC calculation. Death certificates may not specify
histologic type, but are generally reliable for leukemia. The present
report also differs from the BEIR report in its use of a "wave” function
to distribute the radiogenic leukemia over time, the BEIR report having
employed a plateau.

Data from the A-bomb survivor series (1) and the British ankylosing
spondylitis series (3) were used to derive lognormal time-to-response models
(see Chapter V-C). Time from exposure to response was assumed to be log-
normally distributed with a two-year minimum. For chronic granulocytic
leukemia (CGL) the fitted distribution of log(time in years - 2) was '
independent of age at exposure and sex, with mean 2.68 and variance 1.31,
while for acute leukemia the variance was 0.65 and the mean 1.61 + .0154; +
.OOOSAlz, where Ay denotes age at exposure.

The age-specific linear-quadratic risk. coefficients in the BEIR III
report for all types of leukemia except chronic lymphocytic leukemia
(CLL) in fact pertained to only AL plus CGL. These were made specific to
AL and CGL in the ratio 68:32, based on a reanalysis of the A-~bomb survivor
data (1). Coefficients for single years of age at exposure were derived
by the procedure described in Chapter V-D.

Several studies (6,7) have reported excess childhood leukemias follow-
ing fetal irradiation. Given the well-established asscciation of leukemia
with childhood exposure, the causality is less in doubt than the magnitude
of the effect. The Working Group has made no distinction between fetal
exposure and exposure during the first year of life.

The SEER data on the incidence of leukemia for the period 1973-1981
have been used as the source of age-, sex—, and type-specific incidence
of leukemia in the general United States population (see Chapter VII-C).
The ICDA-8 code equivalents used were:

chronic granulocytic - 205.1
acute - 204.0, 204.9, 205.0, 205.9, 206.0
206.9, 207.0, 207.2, 207.9
all except CLL - 204.0. 204.9, 205.1, 205.%, 206.0,
206.1, 206.9,‘207.0, 207.2, 207.9

The reporting areas for the SEER program (8) are relatively homogeneous
as to their incidence of leukemia (see Tables VII-1, and VII-2).

Although the leukemogenic potential of a variety of chemicals is
much discussed, it is only for benzene that reasonably cogent evidence is
in hand (9). Thus, it is not often that risk factors other than radiation
will be identified and appear to compete with radiation. The influence
of risk factors other than ionizing radiation is discussed in Chapter IV,
Sections E to G and in Chapter IX.
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For leukemia, the relative excess, R, in the basic equation
PC = R/(1 + R)
is found as the product of three functions, i.e.,
R = F(D) x T(Ap,Y) x K(Ap,Ap,S)

where D is the tissue dose in rad for low-LET radiation; T(A;,Y)
represents the conditioning influence of age at exposure Aj and time to
diagnosis (Y); and K(Aj,47,5) represents the relative excess of leukemia
for a person of sex S, age at exposure Aj, and age at diagnosis As, when
both F and T = 1. The standardized relative excess K = K(A1,A2,8) for an
exposure at age A) and diagnosis at age Ay is the ratio of the estimated
lifetime absolute excess E = E(A},S) and the background .incidence I =
I{A7,8): '

K (A1,A2,8) = E(A1,5)/1(4y,5).
The coefficient E was derived from the BEIR III coefficients, fitted to a
quadratic. function in age A; (see Chapter V-D), and is an estimate of the
probability that a radiation-induced leukemia of the specified type will be
dlagnosed at some time after exposure given F(D) = 1, For each exposure
age Aj and sex §, E(A1,S) was determined such that the average of E(A;,S)
x  T(A1,Y) over the period Y = 2 through 28 was equal to the interpolated
BEIR coefficient for age A7 and sex S.
The following look-up tables are provided below:
for CGL: T(Y), Table X-1-A;
E(A3,5), Table X-1-B;
1(A1,8), Table X-1-C;
for all acute forms of leukemia: T(A1,Y), Table X-1-D;
E(A;,S), Table X-1-E;
I(Ay,S), Table X-1~F;

for all forms of leukemia except CLL: T(A;,Y), Table X-1-G;

E(A7,8), Table X-1-H; &l

I(47,5), Table X-1-I.

Under the linear-quadratic model assumed for leukemia when exposure is to
low-LET radiation, and the dose, D, is expressed in rad,

F =D+ D2/116.
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The constant relative risk model for time to response does not hold
for leukemia, which appears to follow a "wave” function. The factor T is
the probability that a cancer caused by an exposure to radiation at age
Ay will be diagnosed Y years later. T depends only on Y for CGL, but on
both Y and A; for AL and for all types considered as a group.

& Several examples are provided to illustrate the procedures for calcula-
ting individual PC values:

Example #1 A typical female aged 5 at exposure to 5 rad of low-LET radia-
tion to the bone marrow, with a diagnosis of acute leukemia at age 9, 4.2
years after exposure. Here, D =5, A] =5, A9 =G, and Y = 4.

F(D) = 5 + 52/116 = 5.22;

T(A7,¥) = T(5,4) = .122, Table X-1-D;

E(A]_,S) = E(51f)

[}

2.04, Table X-1-E;

1(A7,S8) = I(9,f) = 2.22, Table X-1-F;
K(Al)AZQS) = K(S)gpf) = E/I = 2004/2-22 = c919;
then R = Fx T x K = 5.22 x .122 x .919 =" .585;
and, finally, PC = R/(1 + R) = .369 or 37%.
Example #2 A typical female, exposed at age 45 to 5 rad of low-LET radia-
tion to the mwarrow, with a diagnosis of leukemia at age 53, 8 years after
exposure, the leukemia not being well-established as to chronicity. 1Im
this case, onre would use the acute leukemia tables: D = 5, A} = 45,
A; = 53, and Y = §;
F(D) = 5 + 52/116 = 5.22;

T(Ay) = T(45,8) = .0159, Table X-1-G;

E(A;,S) = E(45,f) = 2.37, Table X-1-H;
| I(A1,S) = I(53,f) = 4.21, Table X-1-I;
and K = E/I = 2.37/4.21 = ,563
5 then R = F x T x K = 5.22 x .0159 x..563 = .0467
- and PC = R/(1 + R) = .0446 or 4%.

Example #3 A typical male, exposed at age 35 to 10 rad of low-LET radia-
tion, with a diagnosis of CLL at age 60. 1In this case, no calculation
would be made as CLL is not an eligible diagnosis.

The uncertainty sutrrounding PC estimates is discussed in Chapter VII,

and Section VII-0 includes a derivation of approximate %0 percent credibility
intervals for PC estimates.
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To provide a general orientation to the magnitude of the PC values
that result from the procedures described here, Fig. X-1-4, B, and € have
been prepared for CGL, acute forms, and all forms respectively. They
give PC values for 1, 10, and 100 rad of low-LET radiation to the bone
marrow by age at diagnosis, separately for males and females, and each
has 8 parts corresponding to ages 0, 10, 20, 30, 40, 50, 60, and 70
at exposure. The vertical scale is logarithmic and curves are presented
for only three radiation dose levels. For these and other reasons inter-—
polation is to be discouraged.
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Fig X-1-A-3
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Table X-1-A. Chronic Granulocytic Leukemiat
Temperal Distribution T(Y) by Year Y
After Exposure
Y T(Y) Y T(Y)
0 0 25 0128
t ¢ 26 L0121
g 2 0146 27 0118
3 L0384 28 L0109
‘ 4 .B461 29 .0103
5 L0572 30 .00%82
6 0656 31 00534
7 0431t 32 .00889
8 .0402 33 00847
9 0374 34 .00808
10 0367 35 L0771
¢ 11 0322 38 00736
12 L0298 37 00704
13 L0277 38 00673
14 0258 39 00644
15 L0260 40 L0617
. 16 .0224 61 .005%2
17 .0209% 42 p0568
18 .0196 63 80545
19 L0184 &4 .00523
20 L0122 45 00503
. 21 .0162 46 .00483
e2 .0182 &7 .004653
23 L0164 L3 ] L00647
24 L0136 49 90431
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Granulocytic Levkemiat Risk
17S) by Exposure Age A, and Sex $

Chronic

Coafficient E(A

Table X-1-8,
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Table X-1-C.

Chronie Granvloecytic Leukenmist
Incidence I{i2.5) by Age at Diagnosis Az and Sex S

Baseline

t %3 Sex } ¥
Male Female
0 .100 .0500 43
1 100 0500 g
2 .100 .0500 45 -
3 . 100 .0562 (43
4 .100 .b6as 47
s 100 0777 48
é .100 .0506 49
7 .100 . 100 50
] .100 .103 E1
’ 100 102 52
10 .100 L0984 53
11 100 L0968 54
iz L1690 100 3
13 106 113 5é
14 .123 1364 57
15 147 .158 58
14 174 .182 59
17 200 .200 60
18 .229 202 61
19 .265 190
26 L307 .178 63
24 . 352 177 64
22 .400 200 €5
23 677 .240 66
24 .592 .280 67
25 719 .320 68
2¢ .831 . 260 69
27 .900 Y1 70
28 .90 LG40 7%
29 .878 LGB0 72
38 .832 520 73
31 . 797 .560 76
32 L300 600 75
33 .838 640 76
34 . 886 L 68D 77
35 .931 .720 78
34 972 760 79
37 1.060 .800 &0
3 1.02 . 840 1]
39 1.04 .880 g2
40 1.06 . 520 83
61 1.08 .%¢0 -1
&2 1.10 1.90 &5
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Male Female
1.12 1.04
1.146 . 969
1.16 918
1.18 .885
1.249 . 900
1.26 . 983
1.37 t1.1%
1.53 1.26
1.7¢ {1.640
1.90 1.50
2.10 1.57
2.31 1.62
2.53 1.67
2.76 1.73
3.01% 1.80
3.28 1.90
3.56 2.0¢
3.85 2.1%
4.14 2.26
G.41 2.40
G.66 2.57
4.87 2.78
5.08 3.00
5.29 3.21
5.52 3.61
5.82 3.47
6.21 3.59
6.67 3.30
7.1% 3.31
7.77 3.52
8.48 2.91
9.34 4.37
10.3 6.87
1.3 £.61
12.4 5.%5
13.8 6.51
15.7 7.%0
17.4 . 7.68
18.6 8.25
19.0 8.78
19.0 9.28
1.0 9.74
1%.0 10.1
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Table X-1-F. Acute Leukemia: Baseline Incidence I(;,8)
by hge at Diagnosis Az and Sex S

Az Sex Az Sex
Male Fenzle Halae Ferale
0 €.%90 5.70 43 3.17 2.44
1 6.%90 5.70 a4 3.47 2.73
2 6.90 5.70 45 3.79 3.08
I 6,558 5.43 %6 %.10 3.36
4 5.72 4.746 47 4.40 3.60
5 4.69 3.9¢ - 48 .69 .73 - ®
é 3.76 3.18 [} %.97 3.78
7 3.20 2.70 50 5.24% 3.81
] 2,94 2,65 51 5.52 3.87
9 2.73 2.22 52 5.81 4.00 .
10 2.56 2.02 53 6.10 q.21 e
11 2.45 1.84 84 6.64 4.45
12 2.40 1.70 55 6.87 4.76
13 2.41 1.87 54 7.45 5.14
14 2.45 1.63 57 8.23 5.61 .
5 2.50 1.32 58 9.18 . 6.16 N
16 .52 1.23 59 10.2 6.68
17 2.50 1.20 60 11.3 7.22
18 2.38 1.22 61 12.4 T.77
19 2.19 1.27 62 13.5 8.31
20 1.99 1.33 63 14.6 8,.8é .
21 1.84 1.38 64 15,2 9.40
22 1.80 1.40 65 16.1¢ 9.95
23 .84 .60 Y4 17.1 10.5
24 1.88 1,40 67 18.3 11.1
33 1.92 1.40 - 68 20.2 11.9
26 "1.96 1.408 69 22.7 12.9
27 2.00 1.60 70 25, 14.1
28 .04 1.40 71 28.6 15.3
29 2.08 1.40 72 31,5 i6.5
30 2.12 1.61 73 34.4 17.6
31 2.16 1.644 74 37.2 18.9
32 2.20 1.50 75 40.1 20.1
23 2.24 1.58 76 %2.9 21.6
34 2.28 1.66 77 45.8 22.7
328 2,32 1.74 78 48.6 24.6
38 2.3¢6 1.82 79 51.4 26.9
37 2.40 1.90 } -¥:] 54.19 29.4
38 2.44 1.98 . 81 56.7 31.5
39 2.69 2.06 82 59.2 32.7
a0 2.56 2.14 B3 61.2 33.6
41 2,70 .22 84 62.6 34.2 M
“2 2.%0 2.30 85 63.6 34.7
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Risk

ypes Except CLL:
I.S) by Exposure Age A, and Sex §

Leukemia, All 7

Ceafficiaent E(A

Table X-1-H.
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Teble X-1-1. Levkemia:, All Types Except CLL: Baseline
Incidence I(A:,5) by Age at Diagnosis Az and Sex §

Ap ’ Sex | ¥ Sex
%% Hale Female Hale Fenalf
= ¢ 7.00 5,70 63 4.22 3.647
1 7.00 5,70 46 4.52 3.70
. 2 v.o0 5.70 45  G.B7 3.97
3 6.65 5.44 G 5.24 4.25
4 5.83 4.80 47 5,60 §.50
5  4.80 4.01 68 £.98 4.73
¢ 3.B¢ 3.27 %%  6.38 4.95
T 3.3 2.80 50C 6.80 5.1¢
* 8 3.04 2.5¢6 51 7.25 E.38
s 2.81 2.31 52 7.71 . 5.60
10 . 2.64 2.18 53 B.20 5.85
11 2.54 1.93 54 8.77 6.15
12 2.50 1.80 55  9.47 €.51
» : 13 2.53 1.68 ' 5¢ 10.3 6.92
14  2.58 1.56 57 11.4 7.4
15  2.¢5 1.66 58 12.7 7.97
16 2.69 1.40 59  14.0 8.60
17 2.70 1.40 60 5.3 9.29
18 2.63 1.44 61 16.7 10.0
19 2.4% 1.68 62  1B.O 10.7
20 2.34 1.52 63 1%9.2 11.5
21 2.23 1.56 €4 20.4 12.2
22  2.20 1.60 , 65 21.6 13.0
23 2.29 $.64 66 22.9 13.8
24 2.645 1.68 &7 26.2 16.6
25 2.é4 1.72 68  26.2 15.5
26 2.80. 1.76 €9 28.9 16.6
27  2.%0 1.80 70 32.3 17.7
28  2.93 1.84 71 35.9 18.9"
29 2.94 1.88 72 3%.6 20.2
30 2.94 1.93 73 43.3 21.¢6
39 2.96 2.00 76 47T.¢% 23.3
52  3.00 2.10 75  50.% 25.1
33 3.07 z.22 76 56.8 27.0
‘ 34 3.15 2.34 77 58.6 2%.0
35 3.23 2.66 78 62.8 31.5
36 .31 2.58 7% €7.2 36.5
37 3.40 2.70 80  71.6 37.5
38 3.4% 2.82 81 75.8 40.2
39 3.59 2.94 82 79.4 2.1
G0 3.71 3.06 83 8z2.¢ 43,5
41 3.8¢4 3.18 86  B&4.0 44,6
42 4.00 3.30 85  B85.3 45.5

&l
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2. Cancer of Bones an& Joints (170 in ICDA-8)

Bone cancer is relatively uncommon and radiogenic bone cancer has
been seen mainly in association with internally deposited isotopes of
radium, especially in radium-dial painters exposed to long-lived radium-226
and ~-228 (10), and in German patients treated with short-lived radium—-224
for tuberculosis and ankylosing spondylitis (11). Radiogenic bone cancer
has also been reported following high doses of X rays (4), especially
among ankylosing spondylitis patients. It has not been seen in the
A-bomb survivors (4).

For the BEIR III report, risk coefficients were first calculated for
repeated acute exposures to radium—-224 and the “provisional” low-LET co-
efficients, as they are termed in the BEIR report, were derived from them
through the use of the ICRP quality factor of 20 for alpha particles.
Tables were prepared for leukemia plus bone cancer and not for each
separately. This was done because the temporal distribution of excess
bone cancer is rather like that for leukemia: the latent period is
short, four years or less, and the total period of expression, perhaps
20-25 years.

Since the only human data on the risk of bone cancer following ex~
posure to low-LET radiation pertain to therapeutic levels of dose, the
Working Group decided that it should not make PC estimates for bone
cancer resulting from low-LET radiation but should confine its calcula-
tions to the alpha radiation on which the BEIR estimates rest. The BEIR
I1I linear estimate, based on the radium-224 experience, is one excess
bone cancer per million persons per year per rad of alpha radiation to
endosteal tissue (4). Hence Table X-2-B will not be used for the purpose
of PC estimation for exposure to low-LET radiation, or to greatly protracted
high-LET radiation from, e.g., radium-226.

The BEIR report provides little basis for a choice for either the
dose-response or the time-response model. .The linear function is assumed
for high~LET radiation, but more for consistency with experimental results
for tumors generally rather than because of the empirical evidence on the
induction of bone cancer in man following exposure to radium-224. For
alpha particles from radium-224 the BEIR risk coefficient of 1 per million
persons per year per rad of endosteal dose is a fairly stable linear
estimate, being based on 54 cases vs. an expectation of only 0.2 cases
(11). Information on variation with age is only fair, but the indications
are that younger patients experienced a risk very little higher than that
of adult patients, and no sex differential was observed (4). The lowest
doses at which excess cases have been observed in the radium~224 series
are above 50 rad of alpha radiation to the endosteum, so that the applica-
bility of the data to lower doses remains uncertain. The best PC estimates
would be those for doses of radium—224 alpha radiation within the observed
range, average skeletal doses being mostly above 90 rad.

The BEIR committee employed a constant absolute risk (plateau) for
bone cancer in combining it with leukemia, with no dose threshold, but
the Working Group has used a wave function, as it has for leukemia, and
for this assumption there is good recent evidence (12). Published data
from the German radium-224 series were used to fit a lognormal induction
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period model (13). The fitted model had a minimum induction period of
1.52 years and the natural logarithm of time after the minimum had a mean
of 2.12 and a variance of 0.48.

United States incidence data for cancers of bones and joints have
been taken from the SEER data bamk for 1973-1981 (8). As may be seen
from Tables VII-1 and VII-2, there is relatively little variation among
the SEER reporting areas (8), although a sex differential is well estab~
lished, females having about 60 percent of the level reported for males.
Radiation is the only environmental factor that is known to play an
etiologic role in bone cancer {14). Statistical studies of racial dif-
ferences in the incidence of Ewing's tumor and studies of family aggre-
gations point to the influence of genetic factors on some forms of bone
cancer (15). If an individual is known toc be a member of a sub-population
with an elevated baseline risk, then the PC estimate obtained on the A
basis of the SEER rates will be excessive (see Chapter IV-G and Chapter IX).

For bone cancer, as for leukemia, the relative excess, R, in the basic
equation

= R/(1 + R)
is found as the product of three functions, i.e.,
=Fx TxK

where F = F(D) represents the alpha radiation dose to endosteal tissue
{D); T = T(Y) represents the influence of the interval from exposure to
diagnosis; and K = K(A;,A),5) represents relative excess of bone cancer
for a person of sex S and ages Aj and A2 at eXposure and diagnosis,
respectively, when both F and T = 1. Here K is found as

= E(Al,s)/I(Az,S)

where E(A;,S) is derived from BEIR III and is an estimate of the probabi-
lity that a radiation-induced bone cancer will be diagnosed at some time
after exposure to radium-224, and is expressed in units of dose. For

each exposure age Aj and sex S, E(A;,S) was determined such that the average
of E(A},S) x T(Y) over the BEIR III plateau period (Y = 2 through 28) was
equal to the BEIR coefficlent, C.l excess cancers per hundred thousand
persons per year per rad.

Look—up tables are provided below for the following coefficients:
T(Y), Table X-2-A;

E{4,,8), Table X-2-B;

I(A;,5), Table X-2-C.

Here, under the linear model assumed for high-LET radiation, the endosteal
dose in rad is

F = D.
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The constant relative risk model for time to response was not assumed
to hold for bone cancer, which appears to follow a "wave" function, and
therefore the factor T is the probability that a cancer caused by an
exposure at age Ay will be diagnosed Y years later.

A few examples are given below to 1llustrate the use of the tables in
deriving the PC values. : '

Example #1 A typical male, exposed to 50 rad of brief alpha radiation
to endosteal tissue at age 10, with a diagnosis of bone cancer 6.5 years
later, at age 16. Then A] = 10, A = 16, Y =6, and D = 50

F(D) = 50
T(Y) = T(6) = .0874 ﬁ
E(A;,S) = E(10,m) = 2.79
I(Az,s) = I(16,m) = 1.54
K=E/I =2.79/1.54 = 1.812
then R = F x T x K =50 x .0874 x 1.812 = 7.91
and PC = R/{1 + R) = 7.91/8.91 = .89 or 89%.

Example #2 A typical female exposed to 100 rad of brief alpha radiation
to endosteal tissue at age 7, with a diagnosis of bone cancer at age 20,
12.5 years after exposure. Then Ay =7, Ap = 20, Y = 12, and D = 100.
F(D) = 100
T(12) = .0485

E(7,£) = 2.81

I1(20,f) = .781
K=E/I =2.81/.781 = 3.60
then R = F xTx K=100 x .0485 x 3.60 = 17.5

]

and PC = R/(1+R) = 17.5/18.5 = .946 or 95%.

The uncertainty surrounding PC estimates is discussed in Chapter VII,
and Section VII~0 includes a derivation of approximate 90 percent credibility
intervals for PC estimates. ‘

To provide some orientation to the general magnitude of the PC values
resulting from the procedures described here for bone cancer, Fig. X-2 has
been drawn for endosteal doses of 1, 10, and 100 rad to show the PC
values by age at exposure and sex. The figure is in 8 parts corresponding
to ages 0, 10, 20, 30, 40, 50, 60, and 70 at exposure. The vertical scale is
logarithmic and curves are presented for only three radiation dose levels.
For these and other reasons interpolation is to be discouraged.
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ESTIMATED PROBABILITY OF CAUSATION (PERCENT)

100
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Fig X-2-1
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*Alpha radiation from radium-224 only
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ESTIMATED PROBABILITY OF CAUSATION (PERCENT)

100

S0

20
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Fig X-2-2

BONE AND JOINT CANCER*
EXPOSURE AGE 10
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Mile o
AGE AT DIAGNOSIS Fomalommn

*Alpha radiation from radium-224 only
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ESTIMATED PROBABILITY OF CAUSATION (PERCENT)
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- Fig X-2-5
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ESTIMATED PROBABILITY OF CAUSATION (PERCENT)

Fig X=-2-6
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Fig X-2-7
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ESTIMATED PROBABILITY OF CAUSATION (PERCENT)

Fig X-2-8 .
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Bome and Joint Cancer:

Temporal Distribution T(Y) by Year Y

After Exposura

Table X=-2-4.

T(Y)
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R;sk Coefficiant

Cancer:
A, and Sex

Bone and Joint

E(A].S) by Exposure Age

Table X~-2-38,
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Table X-2-C. Bone and Joint Cancer: EBaseline Incidence
I(hz.5) by Age at Disgnosis A; and Sex S

I ¥ Sex | ¥3 Sex

Male Female Male Fermale

g .100 .100 63 464 +337

1 .100 .100 4q  .532 .379

. 2 .100 .100 45  ,638 426

3 .109 .18 46 L7386 <665

4 L1346 165 47  .801 .500

5  .178 .234 48 .84 .510

6 .233 .335 4% 881 T 693

7 .300 .600 50 .92 L4671

8 .431 .528 _ 51 961 .667

9 .46 L7560 52  1.00 L5019

10 .89%6 L9186 53  1.04 .561

; 11 1.13 1.09 56 1.08 .621

* 12 1,30 1.20 EE  f.12 .681

’ 13 1.4 1.26 56 1.16 L741

14 1.49 1.25 57 1.20 .861

15 1.84 1.22 58 1.21 L8461

16  1.56 1.17 59 1.20 .921

17  1.50 1.10 60 1.17 .981

18  1.40 1.01 et 1.16 1.04

19 1.27 .895 62 1.20 1510

20 1.42 .781 63 1.2% 1.12

24 .987 677 66 1.3%9 1.09

22 .00 .600 .65 1.50 1.03

23 .Bas .543 : 66 1.6 L9514

26,795 L4954 67  1.71 1.00

25  .753 .453 68 1.7% 1.05

26 .720 .42 6%  1.87 1,11

27 T80 .400 7¢  1.95 1.17

28 .69%6 .392 71 2.03 To1.26

29 .103 .3%¢6 72 2.1 1.30

36 .713 .404 73 2.28 1.38

2t .715 .408 76 2.54 1.46

2 .700 .400 75 2.83 1.55

- 33 L6467 .369 76 3.07 1.63

: 36 .ez27 .318 77 3.2% 1.71

: 35,582 .263 , 78 3.07 1.72

B 26 .538 .218 7y 2.7¢ 1.68

37  .500 .200 8o 2.2% 1.62

38 .G4ES .205 81 1.97 1.59

19 .434 .220 82 1.91 1.61

40 .409 .262 83  2.00 1.74

41 .396 .269 84  2.15 1.95

. 42  .a00 .300 85 2.31 . 2.2
e
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3. Salivary Gland Cancer (142 in ICDA-~8)

The 1980 BEIR report (4) included the salivary glands among the sites
sensitive to radiation carcinogenesis, but probably only at high dose
levels, and summary risk coefficients were not presented. The evidence
for a radiation effect rests mainly on follow-up studies of patients with
histories of therapeutic irradiation to the head and neck during infancy
or childhood, with doses to the salivary gland ranging from about 40 rad
for X-ray epilation of the scalp to as much as 800 rad for irradiation of
the thymus gland or the tonsils (16~-22). A recent review (23) included a
linear regression analysis of dose response in which data from these
studies were combined. The several studies agreed reasonably well with
an estimated excess risk per rad of 0.26 cases per million person-years,
when a minimal induction period of 5 Years was assumed. Estimates also
were derived from two studies of A-bomb survivors (24,25), but these
estimates seemed less reliable because of limited data in one and uncertain
dosimetry and uncertain numbers of person-years in the other.

‘The Working Group considers that available data support an estimated
risk of 0.26 excess salivary gland cancers per million person-years per
rad following a radiation exposure during infancy or childhood, that is,
before age 15. This level of risk applies 10 years after exposure, with
somewhat lower risks 5-9 years after exposure. No estimate was calculated
for exposures at older ages.

The available data are much too fragile for critical examination of
dose-response and time-response models appropriate to the salivary glands,
and the Working Group has assumed that excess cancer of the salivary
glands could be adequately described by means of the linear—quadratic
dose-response model and the constant relative risk time-response model.
The standard assumptions as to absence of threshold and 10-year latent
period, smoothed as described ia Chapter VI, have also been made.

Incidence data for the U.S. have been extracted from the data bank
for the SEER program of the National Cancer Institute. The rates used to
represent normal or baseline incidence are for the period 1973-~1981, all
races combined, and all reporting areas combined except Puerto Rico.
There is little variation among the reporting areas as to level of risk,
but the rates for females are about 75 percent of those for males (8).

As noted in Chapter IV-G and in Chapter IX, risk factors other than
ionizing radiation may be taken into consideration in interpreting the PC
values derived by the procedures presented here. If it is believed that

some other risk factor operates additively with radiation, and the individual

is thought to have been exposed to that risk facrtor to an extent greater
than the average for the population generally, then the PC obtained from
the present procedures will be somewhat excessive. But if it is believed
that the second risk factor way combine with radiation to enhance risk in
multiplicative fashion, the PC estimates based on these procedures should
be unbiassed.

The procedures for calculating PC values for cancers of the salivary

glands based on the assumptions and principles of Chapter V and are
detailed in Chapters VI and IX. For cancers of the salivary glands, as
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for cancers of most other sites, the relative excess, R, in the basic
equation

PC = R/(1 + R)
is found as the product of three functioms, i.e.,
R = F(D) x T(Y) x K(A1,S)

where F(D) represents the tissue dose (D) in rad, T(Y) the influence of
the time from exposure to diagnosis (Y), and K(A;,5) the relative excess
risk of salivary gland cancer for a person of age at exposure Aj} and sex
S, when both Fand T = 1.

Under the linear-quadratic model assumed for cancers of the salivary
gland, when exposure is to low-LET radiation

F =D+ D2/116.

For cancers of the salivary glands, the influence of time, T, depends
entirely upon completed years from exposure to diagnosis (Y). The function
T is tabulated below.

Y 0~4 5 6 -7 8 9 10+
T 0. 074 +259 +500 <741 +926 1

The standardized relative risk of excess cancer of the salivary glands, K,
is given in the accompanying table for low-LET radiation and for each sex
and year of age (completed years) from birth to age 14.

A few examples should clarify the actual computational procedures for
cancers of the salivary glands following exposure to ionizing radiation.

Example #1 A typical female, exposed at age 5 to 3 rad of low-LET radia-
tion to the salivary glands, with diagnosis at age 12, 7.2 years after
exposure. Then D = 3, A} = 5, and Y = 7.

F(D) = 3 + 32/116 = 3.1

T(Y)

I

T (7) = 0.5

K(A1,S) = K(5,f) = .0300

- and R may be found from the relation:

R=FXTXK=3.IXO.SX.O30=-0£¢65
and PC = R/(14R) = .0465/1.0465 = 044, or 4%.
Example #2 A typical male, exposed at age 18 to 5 rad of low-LET radia-
tion to the salivary glands, with diagnosis at age 30. No estimate can

be made because the information 1s not available for estimating the risk
associated with exposure after age 14.
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Example #3 A typical male, aged 7 at first exposure to 6 rad of low-~LET
radiation to the salivary glands, and aged 12 at the second exposure to 5
rad of low-LET radiation, with diagnosis at age 20, 8.3 years after the
second exposure and more than 10 years after the first. This example
requires that two estimates of R be made, one for each exposure.

Exposure at age 7, when D = 6, A&y = 7, and Y = 13
F(6) = 6 + 62/116 = 6.31]

T(13) = 1

K(7,m) = .0311
and R(7) = F x Tx K =6.31 x 1 x .031] = .196 : .
Exposure at age 12, when D = 5, Ay = 12, and Y = 8
F(5) =5 + 52/116 = 5.22
T (8) = .741
K (12,m) = .0214
R(12) = 5.22 x .741 x .0214 = .0828
then R = R(7) + R(12) = .196 + .083 = .279
and PC = R/(l + R) = .279/1.279 = .22 or 22%.
The uncertainty surrounding PC estimates is discussed in Chapter VII
and Section VII-0 includes a derivation of approximate 90 percent credibility
intervals for PC estimates.
To provide some orientation to the general magnitude of the PC values
resulting from the procedures described here for the salivary glands, Fig
- X3 has been drawn for tissue doses of 1, 10, and 100 rad to show the PC
values by age at exposure and sex. The calculations were performed with
T(Y) = 1, i.e., on the assumption that the interval from exposure to
diagnosis was 10 or more years. The vertical scale is logarithmic and

cutves are presented for only three radiation dose levels. For these and
other reasons iInterpolation is to be discouraged.
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Table X-3. Salivary Gland Cancer: Relative Excess
K(A‘.S) by Expcsure Age A, and Sex 5

A‘ Sex Ai Sax
Male Famale Male Femalae

0 .0509 .0646 3 .02%0 .0237

1 0667 L0612 9 .0270 .0221

2 L0433 L0330 10 L0250 .0206

3 . 0405 L0351 14 L0231 L0154

4 L0379 .0325 12 .0214 .0183

s .0355 .0300 13 .0198 .0174

6 .0332 L0277 14 L0184 L0185 :
7 L0311 L0256
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4. Esophageal Cancer (150 in ICDA-8)

The esophagus is apparently not especially sensitive to the carcino-
genic influence of ionizing radiation, but is included among the sites
for which risk estimates have been made by both the BEIR III committee
(4) and the UN committee in its 1977 report (2). The Working Group has
employed the BEIR III risk coefficients (adjusted to the period 11-30
years after exposure) for individuals exposed after age 20; those for
exposure under age 20 were considered unreliable for the present purpose
(see Chapter VII-F). The BEIR II1 committee relied heavily on both experi~-
mental and human data in selecting the esophagus for inclusion among the
sites for which risk might be estimated. Human data, however, are rather
few and derive largely from the small series among the British ankylosing
spondylitis patients (26) and the larger series among A-bomb survivors
(27). The BEIR committee used the risk coefficients for fatal esophageal
cancer among the A-bomb survivors as its incidence estimates, since the
case-fatality of esophageal cancer is so very high, More recent reports
on the experience of the A-bomb survivors have not altered the evidence
of the relative sensitivity of esophageal tissue to the carcinogenic
action of radiation (28~30).

Neither the dose-response nor the time~response characteristics of
radiation-induced esophageal cancer have been studied sufficiently to pro-

. vide independent evidence as to the functions most suitable for this

site. The Working Group has chosen, therefore, to employ the linear-

quadratic dose-response function, with no threshold, and the constant

relative risk model to describe the distribution of excess cases over

time with a latent period of 10 years smoothed as described in Chapter
v-C.

Estimates of baseline incidence are based on the SEER data bank of
the National Cancer Institute (8). The rates are for the period 1973-1981,

for all races combined, and for all reporting areas combined except

Puerto Rico. As noted in Chapter VII-C, Tables VII-1 and VII-Z, there is
considerable variation among the SEER reporting areas with respect to the
incidence of esophageal cancer. The major risk factors that have been
identified are alcohol consumption and cigarette smoking (31). As noted
in Chapter IV-G and in Chapter 1X, risk factors other than ionizing
radiation may be taken into consideration in interpreting the PC values
derived by the procedures presented here. If it is believed that some
other risk factor operates additively with radiation, and the individual
is thought to have been exposed to that risk factor to an extent greater
than the average for the population generally, then the PC obtained from
the present procedures will be somewhat excessive. But if it is believed
that the second risk factor may combine with radiation to enhance risk in
multiplicative fashion, the PC estimates based on these procedures should
be unbiassed. Day and Munoz (31) cite the data of Tuyns et al. (32) as
providing evidence that a multiplicative model fits well EEETEbmbined
influence of alcohol consumption and smoking upon the risk of esophageal
cancer., There are, however, no good data bearing on the issue with
respect to lonizing radiation and no numerical adjustment is provided
here. )
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For escphageal cancer the relative excess, R, in the basic equation
PC = R/(1 + R)
1s found as the product of three functions, i.e.,
R = F(D) x T(Y) x K(A;,S)

where F(D) represents the contribution of the tissue dose, T(Y) represents
the conditioning influence of years from exposure to diagnosis {Y), and
K(A31,5) represents the relative excess risk of esophageal cancer for a
person of sex S and age at exposure Ay, when both Fand T = 1.

Under the linear-quadratic model assumed for esophageal cancer when
exposure is to low-LET radiation '

F =D+ D2/116

For the esophagus the influence of time (T) on the relative risk depends
only on years from exposure to diagnosis (¥). The function T is tabulated
below:

¥ 04 5 6 7 8 9 10+
T 0 074 «239 «500 o741 +926 1.

The standardized relative risk of excess esophageal cancer, K, is given
in the accompanying Table X.4 for low-LET radiation and for each sex and
year of age (completed years) from 20 to 75.

A few examples should make it clear how the PC values are to be calcu-
lated in individual cases:

Example | A male, exposed to 5 rad of low-LET radiation to the esophagus
at age 20, with a diagnosis of esophageal cancer at age 50, otherwise
typical of his age-sex classification with respect to the risk of esophageal
cancer. Here D = 5, A; = 20, and Y = 30,

5+ 52/116

T(Y) = T(30) = 1
K(Ap,S) = K(20,m) = .00207

then R = 5.22 x 1 x .00207 = .0108

and PC = R/(1l + R) = .01l or 1%.

Example 2 A typical male, exposed at age 55 to 19 rad of low-LET radiation
to the esophagus, with a diagnosis of esophageal cancer at age 59, 4.6 years
after exposure. Here D = 19, A] = 55, and Y = 4.
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F=19 + 192/116 = 22.11
T(4) = 0

K(55,m) = .000603

i
=
e

then R 0

and PC

0 also

Example 3 An esophageal cancer was diagnosed at age 44 in a woman follow-
ing several exposures to low-LET radiation at various ages. The first,

of one rad to the esophagus, occurred at age 20, 24 years and 2 months
before diagnosis (Y = 24). The second, to 2 rad, occurred 4 months later,
at the same age (A7 = 20) but 23 years and 10 months before diagnosis,

(Y = 23). At age 21, 23 years and 3 months before diagnosis, a 9-rad total
dose was recelved over a 36-hour period at the continuous rate of 250
millirad per hour (Y = 23). Finally, at age 35, three exposures, to l.1},
0.6, and 0.7 rad, respectively, were received on consecutive days, 9

years and 2 months. prior to diagnosis (Y = 9).

no

The first, second, and third exposures should be considered separately,
because exposures 1 and 2 correspond to different values of Y, and exposures
2 and 3 to different exposure ages. The 9-rad continuous exposure delivered
over 36 hours should be treated as 2 exposures because it required more
than one day, but less than two. The suggested partition assigns a 3-rad
exposure to one 24-hour period and 6 rad to another. The three exposures
at age 35 can be treated as one because they correspond to the same values
of A} and Y, and because the total dose is less than 5 rad.

Exposure 1:

F(D) = 1 + 12/116 = 1.01

(]

v T{(Y) = T(24) = 1

K(20,f) = .00562
;é R =FxTxK-=1.01x1x.00562 = .0057
o Exposure 2:

5 F(2) = 2 + 22/116 = 2.03

T(23) = 1

K(20,f) = .00562

Ro=FxTxK-=2.03x1x .00562 = .0114
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Exposure 3a:

F(3) = 3 + 32/116 = 3.08

T(23) = 1

K(21,£) = .00497

Ry, = Fx T x K=3.08 x ! x .00497 = .0153
Exposure 3b:

F(6) = 6 + 62/116 = 6.31

T(23) = 1

K(21,£f) = .00497

Ryp = F x T x K = 6.31 x 1 x 00497 = .0314

Exposures 4, 5, and 6:

F(l.1 + 0.6 + 0.7)

i

F(2.4) = 2.4 + 2.42/116 = 2.45
T(9) = .926
K(35,£) = .00153
R4s5: = Fx T x K= 2.45 x .926 x 00153 = .0035
R = Rl + Rg + Ry, + R3b + Ryyg,6 = .0057
+ 0114 + 0153 + .0314 + .0035 = .0673
PC = R/(1+R) = .0673/1.0673 = .063 = 6%.

The uncertainty surrounding PC estimates is discussed in Chapter VIT,
and Section VII-0 includes a derivation of approximate 90 percent credibility
intervals for PC estimates.

To provide an orientation to the general magnitude of the PC values
that result from the procedures described here, Fig X-4 has been drawn
. for tissue doses of 10 and 100 rad of low-LET radiation, and PC values
plotted by age at exposure, for both males and females, and on the assumption
that the minimal latent period has been satisfied. The vertical scale is

logarithmic and curves are presented for only two radiation dose levels. L
For these and other reasons interpolation is to be discouraged.
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5. Stomach Cancer (151 in ICDA-8)

The risk coefficients used in the derivation of PC values for
stomach cancer are taken from the BEIR I1I report (4) and adjusted to the
period 11-30 years after exposure, but the BEIR coefficient for those
exposed under age 10 is not used for reasons presented in Chapter VII.
The inclusion of stomach cancer in the list of radiogenic cancers rests
primarily on the experience of the British patients with ankylosing
spondylitis treated by X rays (26) and of the A-bomb survivors (27) but
is supported by animal experimentation (4). On the other hand, the
recently published series on cervical cancer patients treated with X ray
and radium had 201 observed cases of stomach cancer, several times the
size of the ankylosing spondylitis series, but lacked evidence of a
carcinogenic effect on stomach tissue (5). The relationship in the A-bomb
survivors at the time the BEIR III report was prepared rested entirely on
the experience of the Hiroshima survivors (27), but more recent data on
the Nagasaki survivors indicate that the effect 1s by no means confined
to the Hiroshima sample (28,29). The numbers are very large, 1754 deaths
from stomach cancer through 1978, 1443 in Hiroshima, 311 in Nagasaki, but
_ relative risk estimates are low: Kato and Schull estimate that only 42
: of the deaths from stomach cancer may have been caused by radiation (28).

The Nagasaki Tumor Registry data on stomach cancer incidence were
examined by Wakabayashi et al. for goodness of fit to the linear, linear-
quadratic, and “pure” quadratic functions, and none of the models could
be rejected by the usual statistical criterion (29). The Working Group
has adopted the linear-quadratic dose-response function for stomach can-
cer as for most tumors in the expectation that further accumulation of
data may in time demonstrate non-linearity, which is suggested by the
combined A-bomb data of the two cities. .

The Working Group has adopted the constant relative risk time-
response model on the basis of Land and Tokunaga's analysis of other
sites (33) and the demonstration by Kato and Schull (28) that, for all
sites combined except leukemia, the picture 1s one of constant relative
risk rather than absolute risk over time. (See also Chapter V-C.)

Environmental factors evidently play a dominant role in the etiol-
ogy of stomach cancer, the incidence of which has been falling rapidly in
the U.S. and many other countries, but few specific etiologic factors
have been identified. The influence of smoking and alcohol is described
as equivocal, but many studies have ylelded crude associations between
various aspects of diet and the risk of stomach cancer (34). There is no
information on the joint effect of ionizing radiation and other risk
factors. When the SEER incidence data, used here as the baseline data on
the risk of stomach cancer, are examined by reporting area a wide range
of variation is seen (Tables VII-1 and VII-2). As noted in Chapter IV-G
and in Chapter IX, risk factors other than lonizing radiation may be taken
into consideration in interpreting the PC values derived by the procedures
presented here. If it is believed that some other risk factor operates
additively with radiation, and the individual is thought to have been ex-
posed to that risk factor to an extent greater than the average for the
population generally, then the PC obtained from the present procedures
may be somewhat excessive. But if it is believed that the second risk

i
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P
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factor may combine with radiation to enhance risk in multiplicative
fashion, the PC estimates based on these procedures should be unbiassed.
Caution should be exercised, however, because the appropriate interaction
model for radiation in combination with any other carcinogens for stomach
cancer is not known. . . .

The calculational routine for stomach cancer is based on the assunp-
tions and procedures detailed in Chapters V, VI, and IX. For stomach
cancer the relative excess, R, in the basic equation

PC = R/(1 + R)

e
.
T
a
.

is found as the product of three functions, i.e.,
R = F(D) x T(Y) x K(A1,S)

where F(D) represents the contribution of a low-LET radiation dose to the
relevant tissue (D), T(Y) represents the conditioning influence of years
from exposure to diagnosis, and K(A1,S) represents the standardized re-
lative excess risk of stomach cancer per rad for a person of sex S and
age at exposure A7, when both F and T = 1.

Under the linear-quadratic model assumed for stomach cancer when ex-
posure is to low-LET radiatiom,

F =D+ D2/116.

For the stomach the influence of time (T) on the relative risk depends only
on years from exposure to diagnosis (Y). The function T is tabled below.

Y 0-4 5 6 7 8 9 10+
T 0 074 .259 <500 o741 «926 1

The standardized relative risk of excess cancer, K, is given in the
accompanying Table X-5 for low-LET radiation and for each sex and year of
age (completed years) from 10 to 75.

A few examples should make it clear how PC values are to be obtained
for stomach cancer.

Example 1 A typical woman aged 25 with an exposure of 10 rad of X rays
to the stomach, and with a diagnosis of stomach cancer at age 50, 25
years later. Then D = 10, A} = 25, and Y = 25.

e

10 + 102/116 = 10.86 L

F(10)

T{25)

1

K(25,f) = .00782
then R = Fx T x K= 10.8 x 1 x .00782 = .0849

and PC = R/(L + R) = .0849/1.0849 = .078 or 8.
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‘Example 2 A stomach cancer was diagnosed at age 44 in a woman following
several exposures to low~-LET radiation at various ages. The first, of

one rad to the stomach, occurred at age 20, 24 years and 2 months before
diagnosis (Y = 24). The second, to 2 rad, occurred 4 months later, at the

same age (A3=20) but 23 years and 10 months before diagnosis (Y = 23}. At

) age 21, 23 years and 3 months before diagnosis, a 9-rad total dose was
%é received over a 36-hour period at the continuous rate of 250 millirad per
£ hour {Y = 23). Finally, at age 35, three exposures, to 1.1, 0.6, and 0.7

rad, respectively, were received on consecutive days, 9 years and 2 months
prior to diagnesis (Y = 9).

The first, second, &nd third exposures should be considered separate-
ly, because exposures | and 2 correspond to different values of Y, and
exposures 2 and 3 to different exposure ages. The 9-rad continuous ex~
posure delivered over 36 hours should be treated as 2 exposures because
it required more than ore day, but less than two. The suggested partition
assigns a 3-rad expcsure to one 24-hour period and 6 rad toc another. The
three exposures at age 35 can be treated as one because they correspond
to the same values of Ay and Y, and because the total dose is less than
5 rad.

Exposure 1:

F(1) =1 + 12/116 = 1.01

T{(24) = 1

K(20,f) = .C100

Ry = Fx TxK=1.0l x1x .0100 = ,0101
Exposure 2:

F(2) =2 + 22/116 = 2.03

T(23) =1

K(20,f) = .0100

Ry = FxTxK=2.03x1x .0100 = .0203
Exposure 3a:

F(3) = 3 + 32/116 = 3.08

T(23) = 1

K(21,£) .00959

[}

Ry, = Fx Tx K=3.08x1x .00959 = .0295
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Exposure 3b:
F(6) = 6 + 62/116 = 6.31

T(23) =1

]

K(21,£) = .00959
R3p = Fx T x K = 6.31 x 1 x .00959 = .0605

Exposures 4, 5, and 6:

F(l.1 + 0.6 + 0.7) = F(2.4) = 2,4 + 2.42/116 = 2.45
T(9) = .926

K(35,f) = .00458

]

R4rs56 = F x T x K = 2,45 x .926 x .00458 = .0104

R=R} + Ry + R3a + R3p + Ry,5,5 = 40101
+ .0203 + ,0295 + .0605 + .0104 = .131
PC = R/(l + R) = -131/10131 = 0116 = 12%

The uncertainty surrounding PC estimates is discussed in Chapter VII,
and Section VII~0 includes a derivation of approximate 90 percent credibility
intervals for PC estimates.

To provide an orientation to the general magnitude of the PC values
that result from the procedures described here, Fig X-5 has been drawn
for tissue doses of 1, 10, and 100 rad of low-LET radiation, and PC
values plotted by age at exposure, for both males and females, and on the
assumption that the minimal latent period has been satisfied. The vertical
scale is logarithmic and curves are presented for only three radiation dose
levels. For these and other reasons interpolation is to be discouraged.
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6. Colon Cancer (153 in ICDA-8)

The colon has long been considered an organ of apparent, but uncer-
tain, sensitivity to radiation carcinogenesis, based on studies of patient
populations irradiated for benign or malignant pelvic disease and the
British series of patients treated with radiatiom for ankylosing spondylitis.
The uncertainty arose because, although remarkable excess risks were seen
in some studies (35,36), there was none in others with comparable levels
of exposure (37,38). Moreover, the excess risk seen among spondylitis
patients treated with X rays was discounted because of known associations
among spondylitis, ulcerative colitis, and colon cancer (3,26). In fact,
an excess risk was seen soon after treatment began, well before the ex-—
piration of a 10-, or even 5~year, minimum induction period for radiation-
induced cancer.

4

More recently, excess colon cancer has been observed in mortality data
for survivors of the Hiroshima A-bomb (28) and in tumor-registry data for
survivors of the Nagasaki bomb (29). At about the same time, however, in
a2 large international series of women in Europe and North America treated
by irradiation for cervical cancer, no excess mortality was seen for colon
cancer despite an average dose of about 500 rad to the colon, possibly
because average follow-up is only 7.6 years (5).

At the present time the evidence for excess colon cancer associated
with radiation exposure rests mainly upon the A-bomb survivor data,
perhaps because colon cancer normally is rare in Japan in comparison with
the United States, and a modest excess may therefore be easier to detect.
The most recent A-bomb survivor data are consistent with the risk estimates
given in the 1980 BEIR report (4,23) except that the data do not appear
adequate to support a risk estimate for exposures before age 20 (see
Chapter VII-F). The BEIR III coefficients for ages 20+, adjusted to the
period 11-30 years after exposure, are the basic risk estimates used by
the Working Group.

There has been no analysis of colon cancer to establish the most

e appropriate dose~response function or to determine whether the relative
risk model is superior to the absolute risk model for distributing radio-
genic cases over time. The Working Group has assumed that the preferred

. linear—quadratic dose-response model of the BEIR III committee and the

’ constant relative risk time-response model would provide a suitable basis
for the calculation of PC values for this site. These general assumptions
are discussed in Chapter V.

& The normal incidence of colon cancer in the U.S. is best represented
by the SEER data of the National Cancer Institute which, however, are
subject to some variation among reporting areas (8). (See Chapter VII-C
and Tables VII-1 and VII-2.) The base-line rates employed here are those
for all races combined and for all areas combined except for Puerto Rico,
and are age- and sex-specific. They are taken from computer tapes for
the period 1973-1981.

Migrant studies have underscored the role environmental factors, in-
cluding nutrition, must play in the etiology of colon cancer, especially
the dietary intake of weat and animal fat. Epidemiologic studies have
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also i1dentified a number of familial and hereditary factors that influence

the risk of colon cancer and have shown that persons with chronic ulcer-

 ative colitis are at high risk of colon cancer (39). For none of these

factors are quantitative estimates of relative risk firm enough for :
specific guidance in this context. Nor is there information on any ¥
interaction between such risk factors and radiation in the etiology of

colon cancer. As noted in Chapter IV-G and in Chapter IX, risk factors
other than ionizing radiation may be taken into consideration in inter-
preting the PC values derived by the procedures presented here. 1If it is
believed that some other risk factor operates additively with radiatiom,

and if the individual is thought to have been exposed to that risk factor to
an extent greater than the average for the population generally, then the

PC obtained from the present procedures may be somewhat excessive. But

1f it is believed that the second risk factor may combine with radiation .
to enhance risk in multiplicative fashion, the PC estimates based on

these procedures should be unbiassed.

The procedures for calculating PC values for colon cancer rest on
the general strategy outlined in Chapters V, VI, and IX. For colon
cancer, as for other sites, the relative excess, R, in the basic equation

PC = R/(1 + R)
is found as the product of three functions, i.e.,

R = F(D) x T(Y) x K(A;,5) ' -

i

where F(D) represents the influence of the low-LET tissue dose (D), T(Y)
represents the influence of years from exposure to the diagnosis of colon
cancer (Y), and K(A{,S) represents the relative excess risk of colon
cancer for a person of age at exposure A} and sex S, when both F and T = 1.

Under the linear-quadratic model assumed for colom cancer when exposure
is to low~LET radiation

F =D+ DZ/116.
For colon cancer the influence of time (T) on the relative risk de-
pends entirely on years from exposure to diagnosis (Y). The function T
is tabulated below:

Y 0-4 5 6 7 8 9 10+

T 0 074 «259 . 5C0 « 741 «926 1

The standardized relative risk of excess colon cancer, K, is given in
the accompanying Table X-6 for low-LET radiation, for each sex and completed
vear of age from 20 to 75.

A few specific examples should illustrate the way in which PC values for
colon cancer may be derived from the material presented here.

Example 1 A typical female aged 45 giéen 5 rad of low~LET radiation to
the colon, with a diagnosis of colon cancer at age 48, 3.5 years after
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"exposure. Then D = 5, Ay = 45, and Y = 3.

F(5) = 5 + 52/116 = 5,22

T(3)

]

0

K(45,f) = .000340

then R=FxTxK=20

and PC = (0 also.

Example 2 A typical male exposed to an acute dose of 2 rad of low-LET
radiation to the colon at age 36, and with a diagnosis of colon cancer at
age 55. Then D = 2, A] = 36, and Y = 19,

F(2) = 2 + 22/116 = 2.03

T(19) =1

K(36,m) = .000493

then R=F x T x K= 2.03 x 1 x .000493 = ,0010
and PC = R/(1 + R) = .0010/1.001C = .001 = 0.1%

Example 3 A colon cancer was diagnosed at age 44 in a woman following

~ several exposures to low-LET radiation at various ages. The first, of
one rad to the colon, occurred at age 20, 24 years and 2 months before
diagnosis (Y = 24). The second, to 2 rad, occurred 4 months later, at the
same age (A; = 20) but 23 years and 10 months before diagnosis (Y = 23).
At age 21, 23 years and 3 months before diagnosis, a 9~rad total dose was
received over a 36-hour period at the continuous rate of 250 millirad per
hour (Y=23). Finally, at age 35, three exposures, to 1.}, O. 6, and 0.7
‘rad, respectively, were received on consecutive days, 9 years and 2
months prior to diagnosis (Y = 9).

The first, second, and third exposures should be considered separate-
ly, because exposures 1 and 2 correspond to different values of Y, and
exposures 2 and 3 to different exposure ages. The 9-rad continuous
exposure delivered over 36 hours should be treated as 2 exposures because
it required more than one day, but less than two. The partition giving
the maximum risk estimate assigns a 3-rad exposure to one 24~hour period

{ and 6 rad to another. The three exposures at age 35 can be treated as
& one because they correspond to the same values of A} and Y, and because
the total dose is less than 5 rad.

Exposure 1:
F(1) =1 + 12/116 = 1.01
T(24) =
K(20,f) = .00153
R =FxTx K = 1.01 x 1 x .00153 = ,00155
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Exposure 2:
F(2) = 2 + 22/116 = 2.03
T(23) =1 §

K(20,£) = .00153

R2 =FxTx K = 2.03x 1 x -00153 = 000311

3

Exposure 3a: %%
F(3) = 3 + 32/116 = 3.08
T(23) =1
K(21,f) = .00143
R3a = Fx T x K = 3.08 x 1 x .00143 = .00440

Exposure 3b:

F(6) = 6 + 62/116

6.31
T(23) =1

K(21,f) = .00143

R3p= F x T x K = 6.31 x 1 x .00143 = .00902

Exposures 4, 5, and 6:

F(1.1 + 0.6 + 0.7) = F(2.4) = 2.4 + 2.42/116 = 2.45
T(9) = .926
K(35,f) = .000558

2.45 x .926 x .000558 = .00127

R4rs5.6 =F x TxK

R =R; + Ry + Ry, + R3p + R4,5,5 = .00155

+ .00311 + ,00440 + .00902 + .00127 = ,0194

it

B

PC = R/(14R) = ,0194/1.0194 = .0190 or 2%.

The uncertainty surrounding PC estimates is discussed in Chapter VII,
and Section VII-0O includes a derivation of approximate 90 percent credibility
intervals for PC estimates. ’

To provide an orientation to the general magnitude of the PC values
that result from the procedures described here, Fig. X-6 has been drawn
for tissue doses of 10 and 100 rad of low-LET radiation, and PC values
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plotted by age at exposure, for both males and females, and on the assump~
tion that the minimal latent period has been satisfied. The vertical scale
is logarithmic and curves are presented for only two radiation dose levels.
For these and other reasons interpolation is to be discouraged.

u
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7. Cancer of the Liver (155.0 and 197.8 in ICDA-8)

Primary cancer of the liver is well known as a late effect of radio-
graphy employing the contrast medium, Thorotrast, a colloidal thorium
dioxide compound emitting alpha particles (2,4,40), There is, however,
some uncertainty as to the etiologic significance of its chemical vs. its
radiation properties. Human data on the association between ionizing
radiation and liver cancer are otherwise sparse. In the British series
of ankylosing spondylitis patients treated by X rays no excess liver
cancer was found, but the liver was classified as one of the "lightly
irradiated sites™, for which the observed numbers of deaths from cancer
were not significantly greater than expectation based on the British
mortality statistics (3). The 1977 UNSCEAR report (2) provides a "tenta-
tive risk assessment™ of 10-20 excess cancers per million persons per rad
of alpha radiation. With a mean latency of 25 years these coefficients
become approximately 0.40 to 0.80 per million per year per rad. The BEIR
IIT report (4) provides an estimate of 300 per million persons per rad of
alpha radiation, 15 per million persons per rad of low-LET radiation on
the assumption of a RBE of 20, and an annualized risk coefficient of 0.70
excess cancers per million per year per rad of low-LET radiation.

The most extensive human data on liver cancer following external ex-
posure to ionizing radiation derive from the experience of the Japanese
A-bomb survivors: 55 incident cases in Nagasaki (29) and 118 in Hiroshima
(30). The Nagasaki Tumor Registry report for 1959-1978 yields a risk
estimate of 0.70 + 0.52 excess cancers per million persons per year per
rad (29), and the Hiroshima Tumor Registry for the same period an estimate
of 0.72 + .18 (30). The death certificate diagnoses for the Life Span
Study sample of 82,000 A-bomb survivors have not been tabulated for liver
cancer in the most recent report (1950-1978) (28) but cancers of the
liver are included in the category of "other or unspecified digestive
organs,” that is, cancers of digestive organs other than the esophagus,
stomach, pancreas, colon, and rectum and rectosigmoid junction. Thus,
cancer of the liver is a significant part of the “all other” category
that includes 595 deaths and for which a test of trend with dose returns
a highly significant p of .0033.

None of the reports cited provides age- or sex—-specific risk esti-
mates for cancer of the liver, but trend tests on the age-specific mortal-
ity tables of Kato and Schull (28) for "all other” gastrointestinal
organs yield p-values as follows for the observed numbers of deaths in
tests of the relation between mortality and dose:

‘p in Test of

Age at exposure Number of deaths Trend with Dose
0-9 4 +64
10-19 30 .02
20-34 82 .08
35-49 284 .04
50+ | 195 »20
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The sex-specific tests of trend with dose result in p-values of .03 for
males and .02 for females (28).

Overall, the more recent data support the BEIR III risk coefficients
for liver cancer, except that the darta are too fragile, for persons
exposed under age 20, for the BEIR estimate for that age—group to be used
(see Chapter VII-F). The BEIR IIT coefficients have been adjusted to the
period 11-30 vears after exposure.

Neither dose-response nor time-response has been adequately investi-
gated for cancer of the liver and, except for the Thorotrast patients,
whose irradiation is essentially continuous, there are too few cases of
radiogenic liver cancer for such analyses. Accordingly, the Working
Group has assumed that the appropriate dose-response functions are linear-
quadratic for low-LET and linear for high-LET radiation and the appropriate
time-response function the constant relative risk model.

The baseline risk of liver cancer in the US population has been taken
from the data of the SEER program of the National Cancer Institute for
the years 1973-1981. Published data from the contributing registries for
the years 1973-1977 (8) reveal great variation (see Tables VII-1 and
VII-2) and it should be stressed that it is the set of rates for all
areas (except Puerto Rico) combined and for all races combined that is
used in the calculatlons here.

Although ionizing radiation 1Is clearly a risk factor for liver cancer,
there are far more important risk factors. These include exposure to
arsenic, vinvl chloride, probably hepatitis B virus, and alcohol (41).

For none of these factors are quantitative estimates of relative risk

firm enough for specific guidance in this context. Nor is there information
on any interaction between such risk factors and radiation in the etiology
of liver cancer. As noted in Chapter IV-G and in Chapter IX, risk factors
other than ionizing radiation may be taken into consideration in interpre-
ting the PC values derived by the procedures presented here. If it is
believed that some other risk factor operates additively with radiation,
and the individual is thought to have been exposed to that risk factor to
an extent greater than the average for the population generally, then the
PC obtained from the present procedures may be somewhat excessive. But

if it is believed that the second risk factor may combine with radiation
to enhance risk in multiplicative fashion, the PC estimates based on

these procedures should be unbiassed.

The procedures for calculating PC values for liver cancer are based:
on the assumptions and principles of Chapter V and the procedures of
Chapters VI and IX. As with most other sites, for liver cancer the
relative excess, R, in the basic equation

PC = R/(1 + R)

is found as the product of three functioms, i.e.,

it

F(D) x T(¥) x K(A1,S)

where F{D) represents the influence of the tissue dose (D) in rad of low-
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LET radiation, T(Y) represents the variation in R over time in yearg (Y)
after exposure, and“K(Al,S) represents the relative excess risk of liver
cancer for a person of age at exposure A7 and sex S, when both F and T = 1,

sure is tgo low-LET radiation

Y  0-4 5 6 7 8 9 10+
T 0 074 .259 <500 741 926 1.

The Standardized relative risk of excess liver Cancer, X, is given
in the accompanying Table X-7 for low~LET radiation and for each sex and
year of completed age from 20 to 75, A few examples should clarify the
actual computational Procedures for liver cancer following exposure to
lonizing radiation. ) '

Example ] A typical male, exposed at age 31 to 10 rad of low-LET radia-
tion to the liver, with diagnosis of liver cancer at age 59. Then p =
10, Ay = 31, and v = 28, :

F(D)

10 +102/116 = 10.86

T(Y) = T(28) = )

R(A7,8) = K(31,m) = ,00755
then R = F x T x g = 10.86 x I x .00755 = -0820
~and PC = R/(1 + Rj = -0820/1.0820 = .076 or 8%.
Example 2 4 typical female given 10 rad of low-LET radiation to the liver

at age 36, with diagnosis of liver cancer at age 55, 19 years after
€xXposure. Then P = 10, A = 36, and Y = 19,

F(10) = 10 + 102/116 = 10.86

T(19) = N
ﬁﬁ

K(36,£) = .0129 i

then R = F TxRK=10.86 x 1 x .,0129 = 140

and PC = R/(1+R) = 0140/(1-140) = -123 or IZZO

Example 3 4 liver cancer was diagnosed at 2ge 44 in a woman following
Several exposures to low~LET radiation at various ages. The first, of
one rad to the liver, occurred at age 20, 24 yearsg and 2 months before



diagnosis (Y = 24). The second, to 2 rad, occurred 4 months later, at

the same age (A] = 20) but 23 years and 10 months before diagnosis (Y = 23).
At age 21, 23 years and 3 months before diagnosis, 9 rad total dose was
received over a 36-hour period at the continuous rate of 250 millirad per
hour (Y = 23). Finally, at age 35, three exposures, to l.l, 0.6, and 0.7
rad, respectively, were received on consecutive days, 9 years and 2

months prior to diagnosis (Y = 9). :

The first, second, and third exposures should be considered separate-
ly, because exposures 1 and 2 correspond to different values of Y, and ex-
posures 2 and 3 to different exposure ages. The 9-rad continuous exposure
delivered over 36 hours should be treated as 2 exposures because it re-
quired more than one day, but less than twe. The suggested partition assigns
a 3-rad exposure to one 24-hour period and 6 rad to another. The three ex-
posures at age 35 can be treated as one because they correspond to the same
values of A} and Y, and because the total dose is less than 5 rad.

£

Exposure 1:

F(D) = F(1) = 1 + 12/116 = 1.0l

T(Y)

]

T(24) = 1

K(20,f) = .0503

Ry =FxTxX=1.0l x1x .0503 = .0508

Exposure 2: |

F(2) = 2 + 22/116 = 2.03

T(23) = 1

K(20,f) = .0503

Ry = Fx TxK=2.03x1x .0503 =.102
i Exposure 3a:

F(3) = 3 + 32/116 = 3.08

T(23) = 1

K(21,f) = .0463
- R3g = Fx TxK=3.08x1x .0463=.143

Exposure 3b:

F(6) = 6 + 62/116 = 6.31
T(23) =1
CK(21,f) = .0463

Ryp, = Fx T x K= 6.31 x1x .0463 = .292
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Exposures 4, 5, and 6:

F(1o1 + 0.6 +# 0.7) = F(2.4) = 2.4 + 2.42/116 = 2.45
T(9) = .926

K(35,£) = .0139

R4s5,6 = F x T x K = 2.45 x .926 x .0139 = .0315

.0508 + .102

R = Ry + R2 + R3g + R3b + R45546

+ 143 + .292 + .0315 -619

. 382

It
H

PC = R/(1+R) = .619/1.619 38% .

The uncertainty surrounding PC estimates is discussed in Chépter VII, \\\;ﬁ ,
and Section VII-0 includes a derivation of approximate 90 percent credibility N
intervals for PC estimates., ' ' :

To provide an orientation to the general magnitude of the PC values
that result from the procedures described here, Fig X-7 has been drawm
for tissue doses of 1, 10, and 100 rad of low-LET radiation, and PC
values plotted by age at exposure, for both males and females, and on the
assumption that the minimal latent period has been satisfied. The vertical §
scale is logarithmic and curves are presented for only three radiation dose ‘
levels. For these and other reasons interpolation is to be discouraged.
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8. Cancer of the Pancreas {157 in ICDA-8)

Risk estimates for pancreatic cancer are less reliable than those
for most sites, perhaps because most data are derived from death certifi-
cate diagnoses that do not fare well in pathology reviews. The UNSCEAR
(2) and BEIR III (4) reports rely heavily on the excess reported for the
British ankylosing spondylitis patients treated with X rays (26), but the
relationship is weak in the most recent report on that series (3). The
pancreas was a "heavily irradiated site,” and although Doll and his 7
colleagues have yet to publish a dose estimate for the pancreas, the BEIR ’
I11 report gives a value of 90 rad. There were 18 deaths from pancreatic
cancer vs. 9.5 expected in the latest report, but 5 occurred within the
first two years after treatment (vs. 1 expected) and the 13 vs. 8.5
comparison for the period 3+ years after therapy returns a p-value in
excess of .10. Land has calculated an estimate of 0.70 + .61 excess deaths
per million per year per rad for this experience (23). The BEIR III ,
estimate is .90 for males and .99 for females, with age~specific coeffici-
ents varying in direct proportion to those for all gastrointestinal cancer
deaths among the A-bomb survivors, 1950-1974.

F
-

Death certificate diagnoses for the large Life Span Study sample of
A-bomb survivors reveal no statistical evidence that the risk of pancreatic
cancer depends on dose (p = .67 in a test of linear trend on 148 deaths)
(28}, but the pathology confirmation and detection percentages for cancer
of the pancreas are low, 62 and 37 respectively, 1in a series of 61 autopsy
cases (42}, In a report on 36 cases in the Nagasakl Tumor Registry series
for 1959-1978, Wakabayashi et al. report a trend. p of .06, for which the
risk coefficient is 1.15 + .92 (29). In the unpublished Hiroshima Tumor
Registry report for the same time period there are 143 cases with a '
non-significant risk coefficient of .18 (90-percent confidence interval
of =,14 to +.50) (30). Overall, therefore, the experience of the A~boumb
survivors provides very weak support for a relationship between pancreztic
cancer and radiation dose.

In thelr first report on deaths among workers at the Hanford Works

o in Richland, Washington, Mancuso et al. reported a probable excess of 6

: deaths from pancreatic cancer among 31, and estimated the doubling dose
at 7.4 rad (43). The statistical significance of the association was
. verified by Hutchison et al. in independent calculations (44) and by
+  Gilbert and Marks in a cohort analysis of the worker population (45).

f These and numerous other commentators stressed the fragility of the dat=s
(death certificate diagnosis and the likelihood of exposure to carcinogenic
chemicals). The association was later weakened by the finding that, for
B 1 of the 4 critical deaths in the 15+ rem dose group, medical records

showed that the primary cancer was probably in the stomach (46).

—
L

The pancreas barely meets the criteria for inclusion among the sites
for which PC estimates are to be made. There are human data from which
the necessary risk coefficients can be derived, but the statistical
reliability of the association between cancer and dose is low and consis-
tency among the few available series is minimal.

The Working Group chose to employ the BEIR III coefZicients except
for exposure before the age of 20, the basis for the BEIR I1II coefficient:
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for younger individuals having been judged insufficient for the present
purpose (Chapter VII-F). The BEIR coefficients were, however, adjusted

to the period 11-30 vears after exposure. There appears to be no published
analysis of dose-response functions appropriate for the pancreas, and the
avallable data are too few to make such analysis very meaningful. Accord-
ingly, the Working Group has employed the preferred linear-quadratic
dose-response model for this site as for most of the solid tumors.
Similarly, although time-response models have not been explored, the
Working Group considered that the constant relative risk model was a
reasonable choice.

The baseline data needed for the calculation of PC values have been
taken from the data tapes for the SEER program of the Nationmal Cancer .
Institute for the years 1973-1981 and for all races combined and all
areas combined except Puerto Rico. Published data for the reporting
areas in the period 1973-1977 show only a moderate degree of variation,
but an appreciable difference between the sexes, males having the higher
rates (8). (See Tables VII-1 and VIii-2.)

Cancer of the pancreas is also associated with alcohol consumption,
exposure to certain chemicals, and smoking (47). The Working Group found
no information on the pattern of interaction between such well-established
risk factors and radiation. As noted in Chapter IV-G and in Chapter IX,
risk factors other than lonizing radiation may be taken into consideration
in interpreting the PC values derived by the procedures presented here.

If it is believed that some other risk factor operates additively with
radiation, and the individual is thought to have been exposed to that

risk factor to an extent greater than the average for the population
generally, then the PC obtained from the present procedures-may be somewhat
excessive. But if it is believed that the second risk factor may combine
with radiation to enhance risk in multiplicative fashion, the PC estimates
based on these procedures should be unbiassed.

The procedures for calculating PC values for the pancreas are based
on the principles and assumptions of Chapter V and the procedures of
Chapters VI and IX. As with most sites, for cancer of the pancreas the
relative excess, R, in the basic equation

PC = R/(1l + R)

is found as the product of three functions, i.e.,

R =F(D) x T{(Y) x K{A1,S)

| .

ety

where F(D) represents the influence of the low-LET tissue dose (D}, T(Y)
represents the variation in R over time in years (Y) after exposure, and
K(A1,5) represents the relative excess of pancreatic cancer for a person
of age A} and sex S, when both F and T = 1. '

Bt

i |

Under the linear-quadratic dose-response model assumed for pancreatic
cancer, when exposure is to low~LET radiation

F =D+ D2/116.
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* For cancer of the pancreas the influence of time (T) on the relative risk
depends entirely on years from exposure to diagnosis (Y). The function
T is tabled below:
Y 0-4 5 6 7 8 9 10+

T 0 .074 +259 «500 «741 C .926 1.

The standardized relative risk of excess cancer of the pancreas, K,
is given in the accompanying Table X-8 for low-LET radiation exposure in
rad and for each sex and age in completed years from 20 to 75.

A few examples may clarify the actual computational procedures for
pancreatic cancer following exposure to ionizing radiation.

Example 1 A typical female, exposed at age 35 to 10 rad of low-LET radi-
ation to the pancreas, with diagnosis at age 50. Then D = 10, A} = 35,
and Y = 15.

F(D) = 10 + 102/116 = 10.86

T(Y) T(15) =

K (A7, S) = R(35, f) = .00184
then R=F x T x K= 10.8 x 1 x .00184 = .020
and PC = R/{1 + R) = .020/1.020 = .0196 or 2%.

Example 2 A typical male, exposed to 5 rad of low-LET radiation to the
pancreas at age 40, with z diagnosis at age 51, 11 years after exposure.
Then D = 5, Ay = 40, and Y = 11,

F(5) =5 + 52/116 = 5.22
T(11) =
K(40, m) = .000933
‘then R = F x T x K= 5,22 x 1 x .000933 = .00487
and PC = R/(l.+ R) = .00487/1.00487 = .0049.or less than 1%.

Example 3 A pancreatic cancer was diagnosed at age 44 in a woman follow-
ing several exposures to low-LET radiation at various ages. The first,

of one rad to the pancreas, occurred at age 20, 24 years and 2 months

before diagnosis (Y = 24). The second, to 2 rad, occurred 4 months

later, at the same age (A] = 20) but 23 years and 10 months before diagnosis
(Y = 23). At age 21, 23 years and 3 months before diagnosis, a 9-rad total
dose was received over a 36-hour period at the continuous rate of 250 milli-
rad per hour (Y = 23). Finally, at age 35, three exposures, to 1.1, 0.6,
and 0.7 rad, respectively, were received on consecutive days, 9 years and

2 months prior to diagnosis (Y = 9).

|

‘§
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The first, second, and third exposures should be considered separate-
ly, because exposures 1 and 2 correspond to different values of Y, and
exposures 2 and 3 to different exposure ages. The 9-rad continucus
exposure delivered over 36 hours should be treated as 2 exposures because
it required more than one day, but less than two. The. suggested partition
assigns a 3-rad exposure to one 24-hour period and 6 rad to another, The
three exposures at age 35 can be treated as one because they correspond

to the same values of A} and Y, and because the total dose is less than 5
rad. )

Exposure 1:

F(D) = 1 + 12/116 = 1.01

T(Y)

[

T(24) =1

K(20,f) = .00739

Rl =FxTxK=1.0l x1x .00739 = .00746
Exposure 2:

F(2) = 2 + 22/116 = 2.03

T(23) =1 |

K(20,f) = .00739

Rp=FxTxK=2.03x1x.00739 =.0150
Exposure Ja:

F(3) = 3 + 32/116 = 3.08

T(23) = 1

K(21,f) -00664

R3y = F

w

T xK=23,08x1x .006646 = .0204
Exposure 3b:
F(6) = 6 + 62/116 = 6.31

T(23) =1

[}

K(21,f) .00664

Ri3pb = Fx T xK=6.31 x1 x .00664 = .0419
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Exposures 4, 5, and 6:

F(1.1 + 0.6 + 0.7) = F(2.4) = 2.4 + 2.42/116 = 2.45
T(g) = 0926
K(35,f) = .00184

2.45 = .926 x .00184 = .00417

R4s5:6 = F x T x K
R =Ry + Ro + Ry, + R3y, + Ry,5,¢ = 00746

+ .0150 + .0204 + .0419 + .00417 = .089
PC = R/(1 + R) = .089/1.089 = .082 = 8%.

The uncertainty surrouﬁding PC estimates is discussed in Chapter VII,
and Section VII-0 includes a derivation of approximate 90 percent credibility
intervals for PC estimates.

To provide a general orlentation to the magnitude of the PC values that
result from the procedures described here, Fig. X-8 has been prepared for
pancreatic cancer. Tt gives PC values for 1, 10, and 100 rad of low-LET
radiation to pancreatic tissue by age at diagnosis, separately for males and
females. The vertical scale is logarithmic and curves are presented for only
two radiation dose levels, For these and other reasons interpolation is te-
be discouraged.
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9. Lung Cancer (162.1 in ICDA-8)

Introduction

The association between ionizing radiation and cancer of the lung
and bronchus has been mast clearly evident in various studies of underground
miners who are exposed to radon and its daughter products (48-50). The v
results of the studies on miners are broadly consistent with other studies E
of the relation of X rays and gamma rays to respiratory cancer, notably
those of the Japanese A-bomb survivors (28) and the British ankylosing
spondylitis patients who were treated with X rays (3).

The BEIR III assessment of lung cancer risk following exposure to
lonizing radiation was a synthesis of epidemiologic data from a number of
studies of mining populations with occupational exposure to alpha radiation
from inhaled radon daughters, and from the Japanese A-bomb survivor
studies and the British series of patients gilven X-ray therapy for .
ankylosing spondylitis, both representing exposure to external, mainly low-
LET, radiation. 1In that assessment it was concluded that, among miners,
excess lung cancer risk was proportional to cumulative exposure to radon
daughters, measured in "working level months” (WLM), and that excess risk
was proportional to cumulative dose from low~LET radiation, with approximate
equivalance of effect between one WLM and 6 rad low-LET dose to the
bronchial epithelium. (One "working level” (WL) is defined as the activity
in air that gives 13,000 MeV of alpha radiation per liter from ultimate
decay of the short-lived daughters; one WLM is defined as exposure to 1
WL for 170 hours.) 1In the BEIR assessment, age at observation was a far
more important determinant of excess risk than age at exposure. For a
given cumulative exposure, and after a minimum latent period, estimated
risk increased approximately linearly with age at oBservation, from zero
before age 35 to a maximal value at about age 70 and older (4, pp. 198,
325-327). .

The Working Group found the BEIR analysis difficult to use, partly
because the formula of a linear increase in excess risk with increasing
age at observation is inconsistent with the constant relative risk model
for time from exposure to diagnosis, a model that the A-bomb survivor
lung cancer mortality data for 1950-1978 appear to support (28,33).
Alsoc, there is some evidence that the two kinds of radiation may differ
in their carcinogenic effects. The shape of the dose~response relationship
is probably different for the two types of radiation (see Chapters II1I-1
and V-B). Moreover, the A-bomb survivor data strongly suggest an additive
relationship between exposure to low-LET radiation and smoking in the ‘
causation of lung cancer (51), whereas the relevant data for radon daughter i
exposure and smoking, while mixed (52-54), tend, on the whole, to suggest
a multiplicative interaction model (49,55~59). It was also noted that
there is no real necessity to base risk estimates on the combined data
from the two kinds of exposure; there are sufficient data to support
separate lung cancer risk analyses for external, low-LET radiation and
exposure to inhaled radon daughter products.

- ; ]

s

Estimates for high-LET radiation

The many studies of lung cancer risk in mining populations exposed to
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radon daughter products are remarkable for the diversity of risk estimates
produced. Estimates based on reasonably large mining populations range
from 0.3 percent relative excess per WLM for U.S. uranium miners (59) to
3 percent or more in Swedish metal miners and Canadian uranium miners
(55). Reviews of the mining population data have tended to differ in the
amount of weight given to the various studies. In a recent proportional
hazard model analysis of data from Czech, U.S., and Canadian uranium
miners, Jacobi et al. obtained estimates of, respectiv:y, 1.5, 0.7 and
(about) 1.5 percent relative excess risk per WLM with . weighted average
of 1.2 percent per WLM (60). Another review, by Thomas and McNeill,
placed less weight on the U.S. uranium miner data and, using a different
analytical approach, obtained an overall estimate of 2.3 percent per WLM
(55).

Another source of variability in studies and reviews by expert
committees is the assumed distribution of excess risk over time following
exposure. Lundin et al. (61) postulated a lognormal model for time to
response in their analysis of U.S. uranium miner data, while Whittemore
and McMillan assumed a constant relative risk model in their analysis of
substantially the same data (59). The authors of NCRP Report No. 78 (62)
assumed a decreasing absolute risk model with a 20-year half-1life for stem
cells transformed by alpha radiation {63). Recently, Jacobi et al.
introduced a proportional hazards model, incorporating the constant
relative risk model (60). Previously, Jacobi and the ICRP had emploved
the constant absolute risk model (64,65). Ellett and Nelson {(66) have
used lung cancer data from smoking and non-smoking iron miners in
Sweden to test various time-to-response models for lung cancer induced by
exposure to radon-daughters. Their analysis found that the constant
relative risk model gave a reasonably good fit to the observed age-at~—
diagnosis data, whereas the BEIR model gave a marginally unsatisfactory
fit; the constant absolute risk model and the decreasing absolute risk
model of NCRP Report No. 78, on the other hand, deviated markedly from
these data.

Expert committees of the ICRP and the U.S. National Academy of
Sciences are now preparing, or will soon prepare, assessments of lung
cancer risk associated with exposure to radon daughters. In the meantime,
there is no one "official” estimate that appears to take precedence over
all others. The estimate most nearly consistent with the approach of
the present Working Group is that calculated by Jacobi et al. (60);
according to that estimate, the relative excess risk R associated with a
single exposure of reasonably short duration, measured in WLM, might be
calculated as

R =Ux T(Y) x 1.2 percent per WLM

where U is the exposure in WLM, and the temporal factor T(Y) is defined
in the same way as for lung cancer following external, low-LET radiation.
The method of estimating exposure for U.$. uranium miners prier to {251
appears to have been different from that used after that date and those
used in other countries, and is considered on the whole to have over—
estimated exposure (55,61). There is, therefore, some justification for
using a different risk factor for U.S. miner exposures before 1961, such
as the value of 0.7% per WLM estimated by Jacobi et al. (60). Because
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the U.S. data for exposures before 1961 are included in the weighted

‘average calculated by Jacobi, there is alsoc reason to use a higher risk’
factor, such as the value 1.5 percent per WLM calculated from Czech and
Canadian data (60), for later exposures. The Working Group wishes to empha-
size, however, that the range of published risk estimates is somewhat greater
than from 0.7 to 1.5 percent per WLM, and that reviews by expert committees
may provide us with different estimates within the next year or so.

One marked difference between the above algorithm and that recommended
below for low-LET radiation is that in the above expression relative excess
does not depend upon age at exposure. In fact, age at exposure is difficult
to study in mining populations because exposure tends to be spread out
over many years. Moreover, given the uncertainty of age-specific risk
coefficients derived from the A-bomb survivor data, it is entirely possible
that, over the age ranges at which most mining exposures are received,
there is little variation in susceptibility by age at exposure. I"\\\

i

Another difference is that, for alpha radiation from inhaled radon
daughter products, a multiplicative interaction is assumed to hold with
respect to smoking. Thus, unlike the algorithm for external, low-LET .
radiation, the relative excess is invariant under differences in smeking
level. .

Estimates for low-LET radiation

Estimates based on the A-bomb survivor series and the British
spondylitis series are in good agreement (67). Accordingly, new risk
coefficients were calculated for low-LET radiation, based on the A-bomb
survivor lung cancer mortality data for 1955-1978 (28). Regression
coefficients calculated separately for exposure ages 10-19, 20-34, 35-49,
and 50+ conformed to a roughly linear pattern of dependence on exposure
age; the absolute risk coefficients in Table VI-l, and the coefficients
for relative excess in Table X-9-A .therefore incorporate a linear
dependence cn age at exposure, plus a correction for an estimated 30 ,
percent underascertainment from death certificates. This correction allows
for some improvement in ascertainment efficiency since the report of
Steer et al., which was largely based on autopsy and death certificate
data from the 1960s (68).

Lung cancer is not one of the cancers reliably identified by those
who fill out death certificates, but the errors are mostly in the
direction of under-reporting primary cancer of the lung and bronchus.

The NCI SEER data on the incidence of lung cancer in the US by age
and sex, for the years 1973-1981, are used for the normal risk of lung
cancer in calculating PC values for low-LET radiation. As may be seen in
Tables VII-1 and VII-2, the SEER reporting areas differ considerably in
their reported baseline levels of incidence (the range is 42 to 113 for
males) (8). Although the main risk factor for lung cancer is smoking,
for which adjustments can be made as discussed in Chapter 1V, Section H,
and in Chapter IX, there are other important etiologic agents that may
pose difficulties, notably asbestos, polycyclic hydrocarbons, chloromethyl
ethers, chromium, nickel, and inorganic arsenic (69). As noted in Chapter
IV-G and in Chapter IX, risk co-factors other than smoking may be taken
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into consideration in interpreting the PC values derived by the procedures
presented here. 1If it is believed that some other risk factor operates
additively with radiation, and the individual is thought to have been
exposed to that risk factor to an extent greater than the average for the
population generally, then the PC obtained from the present procedures

may be somewhat excessive. But if it is believed that the second risk
factor may combine with radiation to enhance risk in multiplicative
fashion, the PC estimates based on these procedures should be unbiassed.

For lung cancer, the relative excess, R, in the basic equation
PC = R/(1 + R)
is found as the product of three functions, i.e.,
R = F(D) x T(Y) x K(A;,S)

where F(D) represents the contribution of the low-LET tissue dose (D) in
rad, T(Y) represents the variation in R over time in years (Y) after
exposure, and K(A7,S) represents the relative excess risk of lung cancer
for a person of sex S and age A} at exposure, when both F and T = 1.

Under the linear-quadratic model assumed for the lung when exposure
i1s to low-LET radiation,

F = D + DZ/116.

For the lung, the influence of time (T) on the relative risk depends
only on years from exposure to diagnosis (Y).

Y 0-4 5 6 7 8 9 10+
T 0 074 «259 «500 741 +926 1

The standardized relative risk of excess lung cancer, K, is given in
the accompanying Table X~9~A for low-LET radiation and for each sex and
completed year of age at exposure from 10 to 75.

Because cigarette smoking dominates the risk of lung cancer in the
general population, the PC estimate should, if possible, take smoking
history into account. As explained in Chapter IV, the multiplicative
interaction model would require no adjustment for smoking history, but
the additive interaction model seems more appropriate for lung cancer, at
least for low-LET radiation. This requires that the influence of smoking
history be incorporated into the expression for R when calculating PC's.
This results in a multiplier for R, calculated as the average population
tisk divided by the average risk im the relevant smoking category. This
ratic is W in the Chapter IV discussion, and the values developed there
are repeated in Table X-9-B. Then the value of R, modified to show the
influence of smoking status, becomes ‘

R=FxTxKxW.
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A few examples should make it clear how the PC values are to be
obtained for individual cases:

Example 1 A non-smoking male, exposed to 5 rad of low-LET radiation to
the lung at age 20, with a diagnosis at age 50, otherwise typical of his
age—sex group with respect to the risk of lung cancer. Then D = 5, A =
20, Y =30, and W = 6.81 '

F(D) = 5 + 52/116 = 5.22
T(Y) = T(30) =1
K(A1,5) = K(20,m) = .00122
W= 6.81
then R=Fx Tx Kx W=75,22x1x .00122 x 6,81 = .0434

and PC = R/(1 + R) = .0434/1.0434 = .042 or 4%.

Example 2 A lung cancer was diagnosed at age 44 in a non-smoking woman
following several exposures to low-LET radiation at various ages. The
first, of ome rad to the lung, occurred at age 20, 24 years and 2 months
before diagnosis (Y = 24). The second, to 2 rad, occurred 4 months later,
at the same age (A7 = 20) but 23 years and 10 months before diagnosis (Y
= 23). At age 21, 23 years and 3 months before diagnosis, a 9 rad total
dose was received over a 36-~hour period at the continuous rate of 250
millirad per hour (Y = 23). Finally, at age 35, three exposures, to l.1,
0.6, and 0.7 rad, respectively, were received on consecutive days, 9
years and 2 months prior to diagnosis (Y = 9). For a non-smoking female
W = 4,64,

The first, second, and third exposures should be considered separately,
because exposures 1 and 2 correspond to different values of Y, and ex-
posures 2 and 3 to different exposure ages. The 9-rad continuous exposure
delivered over 36 hours should be treated as 2 exposures because it re-
quired more than one day, but less than two. The partition giving the
maximum risk estimate assigns a 3-rad exposure to one 24-hour period and
6 rad to another. The three exposures at age 35 can be treated as one
because they correspond to the same values of Ay and Y, and because the
total dose is less than 5 rad.

Exposure 1:

F(D) = F(1) = 1 + 12/116 = 1.01

T(Y) T(24) = 1

i

b

K(A;,S) = X(20,f) = .00230
R = FxTxKxW=1.01 x1x .00230 x 4.64 = ,0108
Exposure 2:

F(2) = 2 + 227116 = 2.03
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T(23) =1
K(20,f) = .00230

Rpy ~FxTxKxW=2.03x1x.00230 x 4.64 = .0217

Exposure 3a:

3.08

F(3) = 3 + 32/116 =

T(23) = 1 |

K(21,f) = .00214

R3g = FxTx KxW=3.08x1zx .00214 x 4.64 = .0306 ;

Exposure 3b:

F(6) = 6 + 62/116 = 6.31
‘ T(23) =1
% K(21,f) = .00214

b
]

R3p = Fx T x K x 6.31 x 1 x .00214 x 4.64 = ,0627
Exposures 4, 5 and 6:
| F(1.1 + 0.6 + 0.7) = F(2.4) = 2.4 + 2.42/116 = 2.45
T(9) = .926
K(35,f) = .00104

R4r5.6 = F X T X K x W = 2,45 x 926 x .00104 x 4.64 = .0109

. R =Ry + Ry + R3y + R3p + Rays,g =
B + .0108 + 0217+ .0306 + 0627 + .0109 = .1367

PC = R/(1 + R) = .1367/1.1367 = .120 or 12%.

tﬁ;ﬂéyeﬁif& A

Example 3 A lung cancer was diagnosed in a man whose only known radiation
exposure was to inhaled radon and radon daughters while employed as a

. uranium miner during the period 1950-1968. The most recent exposure

fé occurred more than 10 years before diagnosis. Total recorded exposure

4 was to 140 WLM, of which 100 WLM was before 1961 and 40 WLM afterward.

If the risk factor .012 per WLM is applied to the total exposure, the
calculated relative excess is

R = 140 x .012 = 1.68

and the PC is
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PC - R/(l + R) = 1-68/2-68 = -626 = 63%.

The same result 1s obtained by looking up in Table PC-9-1 (Appendix I)
the PC for 140 WLM with an assumed excess risk of 1.2%. However, it may
be desirable to use different relative excess risks because of employment
as a miner both before and after 1961. In this case, Table PC~9-1 cannot
be used and calculations are as follows:

If the factor .007 is applied to exposures before 1961 and the factor
«015 to exposures afterward, the relative excess is

R = 100 x .007 + 40 x .015 = 1.30,
and the PC is
PC = 1.30/2.30 = .565 = 57%.

The uncertainty surrounding PC estimates iIs discussed in Chapter VII,
and Section VII-O includes a derivation of approximate 90 percent credibility
intervals for PC estimates.

To provide an orientation to the general magnitude of the PC values
that result from the procedures described here, Fig ¥-9 has been drawn
for tissue doses of 1, 10, and 100 rad of low-LET radiation, and PC values
plotted by age at exposure, for both males and females, on the assumption
that the minimal latent period has been satisfied and with no information
with respect to smoking history. The vertical scale is logarithmic and
curves are presented for only three radiation dose levels. For these and
other .reasons interpolation is to be discouraged.
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Fig X-9

LUNG CANCER
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Table X-9-B
W, The Factor Used To Adjust Average
Population Incidence for Smoking History

Smoking Category W
%z Males Females
Total 1.00 1.00
Nonsmokers 6.81  4.64
Former smokers 1.71 1.17
Present cigarette smokers, alil 0.604 0.412
under 10/day - 1.75 1.19
10 - 20/day . 0.707 0.482
21 - 39/day ‘ 0.408 0.278
40 +/day 0.287  0.196
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10. Cancer of the Female Breast {174 in ICDA-8)

Risk estimates for radiation-induced cancer ¢f the female breast are
the most secure for any site. The 1980 BEIR report was preceded by
publication of incidence data on the Life Span Study sample of Japaunese
A-bomb survivors (70), former patients at Massachusetts tuberculosis
sanitoria who received substantial cumulative breast doses from multiple
fluoroscopic examinations (71), and women treated with X rays for acute
postpartum mastitis (72). The estimates in the 1980 BEIR report were
based on an analysis in parallel of data from these three sources (73,74).

A remarkable feature of the analysis in parallel was that similar
estimates of the absolute magnitude of risk were obtained from the three
samples for similar ages at exposure and lengths of follow-up, despite 3
to 5-fold differences in baseline risk between Japanese and US women
(75). A possible interpretation of this finding is that factors in the
American lifestyle responsible for the difference (American women of
Japanese descent have breast cancer rates approaching those of other
American women) are additive with radiation in the causation of breast
cancer. The data also were highly consistent with proportionality between
radiation dose and excess risk, and with the constant relative risk model
for induction period.

Estimates for women exposed after age 40 were uncertain because the
two medical series contained few relevant data and the A-bomb survivor
data, which were consistent with little or no excess risk, suggested the
possibility that a radiation effect on ovarian function might have reduced
the risk of breast cancer among older women. FEvidence for excess risk
among Swedish women treated with X rays for benign breast disease (76) at
ages above 40 seemed questionable because of the possibility that the
excess might be attributable to the indication for treatment, Cee,
chronic cystic mastitis, known to be a risk factor for breast cancer. _
This uncertainty was resclved by the BEIR committee at the time by applying
risk coefficients for exposures at ages 20-~39 to those at older ages,
with the implicit understanding that this might overestimate risk from
exposure after age 40.

At the time of the 1980 BEIR report no persuasive evidence of excess
bredst cancer risk in women irradiated before about age 10 had been
presented, and while it seemed possible that an excess would appear when
the youngest A-bomb survivors reached ages at which breast cancer normally
reaches appreciable levels, it alsc seemed possible that lack of different—
lated breast target tissue might preclude a carcinogenic effect of radiation.
Further follow-up studies of A-bomb survivors (77,78) and American women
treated in infancy for supposedly enlarged thymus gland (79) have shown
that irradiaticn during early childhood does increase the risk of breast
cancer, that this risk does not appear until after about age 30, when
breast cancer rates normally increase, and that the excess, when it does
appear, is comparable to that seen in women irradiated during their
teens, previously considered to be the ages of greatest sensitivity. The
two studies make it plain that the BEIR coefficient of 0 for women exposed
under tec years of age is inappropriate and should be replaced. Moreover,
the more recent study of A-bomb survivors (78) is based on a sufficiently
large experience at the older ages to provide adequate estimates for

- 242 -




women aged 40 or older and these indicate that the flat projection of

risk from age 20 in the BEIR report can no longer be supported. Accord-
ingly, age-specific coefficients developed from that more recent study
have been substituted for those given in the BEIR report (see Chapter V-D).

4 Other recent developments include a record-linkage study (80) of

£ " breast cancer mortality among some 110,000 Canadian women given multiple
chest fluoroscopies during treatment at tuberculosis sanitoria in Canada.
The radiation exposures were highly fractionated and delivered over
periods of years. The data from this study were interpreted as suggestive
of a strongly quadratic, rather than linear, dose response. This inter-
pretation, which seems contradictory to the general observation from
experimental radioblology that fractionation and protraction of dose
reduce nonlinear components of the dose response (81), appears to rest on
a difference between data from Nova Scotia, where total doses tended to

be high, and other Canadian provinces, where doses tended to be lower
because patients usually were examined with their backs to the X-ray
source. Considerable uncertainty surrounds the dosimetry data for the
Canadian series, and it is of interest that the initial publication of a
small Nova Scotia series (82), which employed incidence rather than
mortality, suggested linearity of dose-response to the first BEIR committee
(83).

Despite its general preference for the linear-quadratic dose-response
function, the Working Group considered that all the data for breast cancer
except those in the recent Canadian report were so strongly linear that it
was important to make an exception of breast cancer and to assume linearity
of dose-response in developing the PC estimation procedure for this site.
The time-response data on breast cancer definitely point to the constant
relative risk model as the basis for distributing excess cases over time,
with a latent period (for incidence) of 10 vears smoothed as described in
Chapter V-C. Since the underlying data on breast cancer are extensive,
are derived from numerous exposure situations, and are relatively non-
controversial, PC estimates for this site are probably more reliable than
for any other site. The general procedures for estimating PC values are
described in Chapters VI and IX.

Breast cancer baseline rates vary somewhat by geographic region.
Tables VII-1 and VII-2 illustrate the variability seen in the SEER data
of the National Cancer Insitute from which the baseline or normal incidence
data were taken (8). There are many risk factors for breast cancer in
addition to exposure to ionizing radiation, especially early menarche,
- nulliparity, delayed age at first completed pregnancy, positive family
= history, and pre-existing proliferative breast disease (84). As noted in
Chapter IV-G and in Chapter IX, risk factors other than ionizing radiation
may be taken into consideration in interpreting the PC values derived by
the procedures presented here. If it is believed that some other risk
factor operates additively with radiation, and the individual is thought
to have been exposed to that risk factor to an extent greater than the
average for the population generally, then the PC obtained from the present
procedures may be somewhat excessive. If it is believed that the second
risk factor may combine with radiation to enhance risk in multiplicative
fashion, the PC estimates based on these procedures should be unbiassed.
For breast cancer the relative excess, R, in the basic equation
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PC = R/(1 + R)
is found as the product of three functions, i.e.,
R=F(D) x T(Y) x K(Ap)

where F(D) represents the influence of the low-LET tissue dose (D), T(Y)
represents the variation in R over time in years (Y) after exposure, and
K(A}) represents the relative excess risk of breast cancer for a woman of
age A} at exposure, when both F and T = 1.

Under the linear model assumed for breast cancer, F = D for low-LET
radiation.

For breast cancer the influence of time (T) on the relative risk does
not vary by age at exposure but does depend on years from exposure to
diagnosis (Y) in the following fashion:

Y 0-4 5 6 7 8 9 10+
T 0 074 «259 «500 741 «926 1
The standardized relative risk of excess breast cancer, K, is given

in the accompanying Table X-10 for low-LET radiation and for each completed
year of age from birth to 75.

A few examples should illustrate how the PC.values are to.be obtained
in individual cases.

Example 1 A typical female, aged 10 when exposed to 10 rad of low-LET
radiation to breast tissue, with a diagnosis of breast cancer at age 35,
That is, D = 10, A} = 10, and Y = 25.

i

F(D) 10

T(Y)

T(25) =1
K(A;,S) = K(10) = .0l44
then R = 10 x 1 x .0l44 = ,144

and PC = R/(1 + R) = .144/1.144 = .126 or 13%.

Example 2 A breast cancer was diagnosed at age 44 in a woman following
several exposures to low-LET radiation at various ages. The first, of

one rad to the breast in which cancer was later diagnosed, occurred at

age 20, 24 years and 2 months before diagnosis (Y = 24). The second, to 2
rad, occurred 4 months later, at the same age (A1=20) but 23 years and

10 months before diagnosis (Y = 23). At age 21, 23 years and 3 months
before diagnosis, a 9-rad total dose was received over a 36-hour period at
the continuous rate of 250 millirad per hour (¥ = 23). Finally, at age 35,
three exposures, to l.l, 0.6, and 0.7 rad, respectively, were received on
consecutive days, 9 years and 2 months prior to diagnosis (Y = 9).
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The first, second, and third exposures should be considered separate~
ly because exposures 1l and 2 correspond to different values of Y, and expo-
sures 2 and 3 to different exposure ages. The 9-rad continuocus exposure
delivered over 36 hours can be treated as a single exposure because estima-
ted risk under the linear model depends only upon the total dose. Similarly,
the three exposures at age 35 can be treated as a single exposure.

Exposure 1:

F(D) = F(1) = 1

T(Y) = T(24) =1

K(A1,8) = K(20,f) = .00606

R =FxTxK=1zx1x .00606 = .00606
Exposure 2:

F(2) =2

T(23) =1

K(20,£) = .00606

fl

Ro= FXTxK=21x1x .00606 = .0121
Exposure 3:

F(9) = 9

T(23) =1

K(21,f) = .00523

R3 =FxTxK=29x1zx.00523 = .0471
Exposures 4, 5, and 6:

F(l.1 4+ 0.6 + 0.7)

F(2.4) = 2.4
T(9) = .926

K(35,f) = .00214

1

R4y5,6 = F x T x K= 2.4 x .926 x .00214 = 00476

R =Rj; + Ry + Ry + R 4,5, = .00606 + .0121 + .0471
+ 00476 = .0700

PC = R/(1 + R) = .0700/1.0700 = .0654 or 7%.
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The ﬁncertainty surrounding PC estimates is discussed in Chapter VII,
and Section VII-0 includes a derivation of approximate 90 percent credibility
intervals for PC estimates.

To provide an orientation to the general magnitude of the PC values
that result from the procedures described here, Fig X-10 has been drawn
for tissue doses of 1, 10, and 100 rad of low-LET radiation, and PC
values plotted by age at exposure and on the assumption that the minimal
latent period has been satisfied. The vertical scale is logarithmic and
curves are presented for only three radiation dose levels. For these and
other reasons interpolation is to be discouraged.
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11. Cancer of Kidney or Bladder (188, 189.0, 189.1 in ICDA-8)

Sensitivity to the carcinogenic effect of ionizing radiation is con-
sidered to be relatively low for both the kidney and the urinary bladder.
Reported dose-specific risks are seldom high and in some studies no
excess cancers have been found. Malignant tumors of the kidney, of the
bladder, or of the undifferentiated "urinary organs™ have been reported
to be increased in frequency among the A-bomb survivors, persons treated
with irradiation of the spine for ankylosing spondylitis, persons who
recelved injections of Thorotrast in retrograde pyelography, and persons
with cervical cancer treated by radiation (4,23). In some studies the
relationship with radiation dose is uncertain or simply not demonstrable,
and the data from the cervical cancer series are especially inconclusive
(5). The strongest relationship is seen in the mortality experience of
the A-bomb survivors over the period 1950-1978 (28), especially since it
appears within each sex and within each city, but death certificate
diagnoses are much less reliable for these sites than for many others.

The BEIR III coefficients, adjusted to the period 11-30 years after
exposure, have been used in the PC calculations as described in Chapters
VI and IX, except that estimates were not made for those under age 20 at
exposure for the reasons given in Chapter VII-F.

The normal or baseline risk of cancers of the kidney and bladder has
been taken from the data bank of the SEER program of the National Cancer
Institute (8). The rates are for the period 1973-1981, for all races
combined, and for 2all reporting areas combined except Puerto Rico. There
is appreciable geographic variation within the US (see Tables VII-1 and
VII-2) that apparently rests on differentials in industrial exposures
that are of major importance for cancer of the bladder (85). Exposure to
dyestuffs, rubber, leather, and certain organic chemicals has been associated
with excess cancer of the bladder (86). - An association between cigarette
consumption and bladder cancer is well documented, and there is some
evidence of an association with cancer of the kidney (85). As noted in
Chapter IV-G and in Chapter IX, risk factors other than ionizing radiation
may be taken into consideration in interpreting the PC values derived by
the procedures presented here. If it is believed that some other risk
factor operates additively with radiation, and the individual is thought
to have been exposed to that risk factor to an extent greater than the
average for. the population generally, then the PC obtained from the present
procedures may be somewhat excessive. But if it is believed that the
second risk factor may combine with radiation teo enhance risk in multipli-
cative fashion, the PC estimates based on these procedures should be
unbiassed.

The Working Group had no information available to it concerning the
most appropriate dose-response function for cancers of the kidmey and
bladder, or the most suitable time-response function, or whether radiation
may interact with other risk factors in multiplicative or additive fashion.
It chose, therefore, to employ the preferred linear-quadratic model of
dose-response, with no threshold, and the constant relative risk model
for distributing excess cancers over time. The minimum latent period was
taken as 10 years but smoothed as described in Chapter V-C.
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The procedures for calculating PC values for cancers of the kidney
and bladder are based on the assumptions and principles discussed in
Chapter V and the procedures of Chapter VI and IX. As with most sites,
for cancers of the kidney and bladder the relative excess, R, in the
basic equation

i

PC = R/(1 + R) 1
i

1s found as the product of three functions, i.e.,

R = F(D) x T(Y) x K(A;,S)
where F(D) represents the influence of the 1ow-LET tissue dose (D), T(Y)
represents variation in R over time in years (Y) after exposure, while
K(A1,S) represents the relative excess risk of cancer of the kidney or
bladder for a person of age at exposure A; and sex S, when both F and T = 1.

Under the linear-quadratic model assumed for cancers of the kidney
and bladder, when exposure is to low-LET radiation

F = D+ D2/116c
For cancers of the kidney and bladder the influence of time (T) on
the relative risk depends entirely on years from exposure to diagnosis
(Y). The function T is tabled below:
Y 0-4 5 6 7 8 9 10+
T ¢] 074 . 259 + 500 «741 926 1.
The standardized relative excess risk for cancer of the kidney or
bladder, K, is given in the accompanying Table X-11 for low-LET radiation

and for each sex and year of age (completed years) from 20 to 75.

A few examples should clarify the actual computational procedures for
cancers of the kidney and bladder following exposure to ionizing radiation.

Example 1 A typical female, aged 35 when exposed to 10 rad of low-LET
radiation to bladder tissue with diagnosis at age 55, 20 years after exposure.
Then D = 10, A1 = 35, and Y = 20 '

F(D) = 10 + 102/116 = 10.86

T(Y) = T(20) = 1}

K(A1,5) = R(35, £f) = .00142

R=FxTxK=10.86 x1x .00142 = +01542

and PC = .0154/1.0154 = ,015 or 2%.
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Example 2 A typical male, aged 55 at exposure to 5 rad of low-LET radia-
tion to the kidney, with diagnosis at age 60, 4.9 years after exposure.
That is, D = 5, Ay = 55, and Y = 4,

F=5+52/116 = 5.22

T(4) =0

K(55,m) = .000275
then R=F x Tx K= 5.22 x 0 x .000275 = O
and PC = 0

Example 3 A kidney cancer was diagnosed at age 44 in a woman following
several exposures,to low-lET radiation at various ages. The first, of

one rad to the kidney, occurred at age 20, 24 yvears and 2 months before
diagnosis (Y = 24). The second, to 2 rad, occurred 4 months later, at

the same age (A3 = 20) but 23 years and 10 months before diagnosis (Y = 23).
At age 21, 23 years and 3 months before diagnosis, a 9-rad total dose was
received over a 36~-hour period at the continucus rate of 250 millirad per
hour (Y = 23). Finally, at age 35, three exposures, to }.1, 0.6, and 0.7
rad, respectively, were recelved on consecutive days, 9 years and 2

months prior to diagnosis (Y = 9).

The first, second, and third exposures should be considered separately,
because exposures ] and Z correspond to different values of Y, and exposures
2 and 3 to different exposure ages. The 9-rad continuous exposure delivered
over 36 hours should be treated as 2 exposures because it required more
than one day, but less than two., The suggested partition assigns a 3~rad
exposure to one 24-hour period and 6 rad to another. The three exposures
at age 35 can be treated as one because they correspond to the same
values of Al and Y, and because the total dose is less than 5 rad.

Exposure 1:

F(D) = F(1) = 1 + 12/116 = 1.0l

T(Y) = T(24) = 1

K(20,f) = .00301

Ri =FxTxXK=1.01x1x .00301 = .00304
Exposure 2:

F(2) = 2 + 22/116 = 2.03

T(23) =1

K(20,f) = .00301

Ro = FxTxK=2.,03 x1x .00301 =.00611

- 251 -



Exposure 3a:

F(3) =3 + 32/116 = 3.08
T(23) = |
K(21,f) = .00287

R3a =F x T x K=3.08 x 1 x .00287 = .00884
Exposure 3b:

F(6) = 6 + 62/116

6.31

T(23) =1

K(21,f) = .00287

R3p = Fx T xK=6.31 x1x .00287 = .0181
Exposures 4, S, and 6:

F(1+1 + 0.6 + 0.7) = F(2.4) = 2.4 + 2.42/116 = 2.45

T(9) = .926

K(35,f) = .00142

R4r506 = F x T x K = 2.45 x .926 x .00142 = ,00322

R=Rj + Ry + Ry + R3p + Ry,5,6 = 00304
+ .00611 + .00884 + .0181 + .00322 = .0393
PC = R/(l"‘R) = -0393/1-0393 = 0038 = 47.:-

The uncertainty surrounding PC estimates is discussed in Chapter VII,
and Section VII-0 includes a derivation of approximate 90 percent credibility
intervals for PC estimates.

To provide an orientation to the general magnitude of the PC values

- that result from the procedures described here, Fig X~11 has been drawn

for tissue doses of 10 and 100 rad of low-LET radiation, and PC values
plotted by age at exposure, for both males and females, and on the assump-
tion that the minimal latent period has been satisfied. The vertical scale
is logarithmic and curves are presented for only two radiation dose levels.
For these and other reasons interpolation is to be discouraged.
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12. Thyroid Cancer (193 in ICDA-8)

The thyroid tables were constructed on the basis of the assumptions
and principles of Chapter V and the procedures described in Chapters VI
and IX. The risk coefficients used in making the tables, however, were
modified from the published BEIR III values and are given in Table VI-1l.
The BEIR 111 coefficients were based largely on the exposure of children
and the data available in 1978-79, when the report was prepared, seemed
insufficient to support clinfical impressions of age differentials in risk
(4)Y. A central value of 4.0 excess cancers per million persons per year
per rad was postulated on the basis of the literature available at that
time, and the female/male ratio of risk, 2.6, was taken from preliminary
L data (40 clinical cases) on the A-bomb survivors (87) to yield estimates
7 of 5.8 for females and 2.2 for males, regardless of age at exposure.

Data concerning the incidence of thyroid cancer are especially uncer-
tain because of difficulty of ascertainment. Thyroid cancers are usually
indolent; they are often slow growing and may not come to medical attention
unless they are sought by active investigation. Since active screening for
thyroid cancer will often be undertaken upon population groups in which
it is suspected that thyrold cancers may have been induced by radiation,
excesses may be found, not only because the incidence is increased but
because diligent investigation has identified cancers that would otherwise
not come to attention.

Since the BEIR III report was prepared, additional data have been
published on the Israeli tinea capitis series (88) and on the A-bomb
survivors (29,89). 1In addition, the Working Group has had access to a
nedr-final manuscript on 178 clinical cases among the A-bomb survivors
(90). The Israeli series is limited to persons who were childrem at the
time of exposure, but the recent reports on the A-bomb survivors contain
clear evidence of age variation in risk and also provide a more stable
estimate of the ratio of female to male risk coefficients, 3.5. The US
literature suggests an average risk coefficlent of about 3.3 excess
cancers per million persons per year per rad for those exposed as children,

. and the Working Group has employed this value, rather than 4.0, together
with the female/male ratio of 3.5, to obtain the final coefficients of
1.5 for males and 5.0 for females. Since the observed risks in A-bomb
survivors 20 or older at exposure are about one-third of those for survivors
exposed before age 20, this fraction was used to estimate approximate
coefficients for the older group, 0.5 for males and 1.5 for females.

Although there is some evidence favoring a minimum latent period of
B 5 years for thyroid cancer (91), it was decided to use the standard
assumption of 10 years (smoothed over the interval 5-10 years) made for
all solid tumors as described in Chapter V-C. Published dose-response
information on radiation-induced thyroid cancer is not extensive, but it
clearly suggests linearity (91). In addition, in the large unpublished
series of Ishimaru et al. the excess thyroid cancer incidence among
A-bomb survivors is best fitted by a linear function of dose (90).
.Despite its general preference for the linear—quadratic dose-response
function, therefore, the Working Group chose to base its PC estimation
procedures for thyroid cancer on linearity. The distribution of radiation-
induced cases over time was assumed to follow the relative risk model
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although there is very little published thyroid cancer Information with
which to test this assumption,

The PC estimates calculated for thyroid cancer pertain to external X
and gamma irradiation, not to the radioisotopes of iodine. Although
iodine-131 1s thought to be the major source of irradiation of thyroid
tissues in individuals exposed to fallout from the weapons tests, the
existing human-data are not of sufficient cogency to provide a direct
basis for quantitative estimates of riks; furthermore, there is contro-
versy over the biological effectiveness of iodine-131 beta radiation
relative to X rays and gamma rays. An Ad Hoc Working Group on Thyroid/
Iodine Assessment, also mandated by the Orphan Drug Act (Public Law
97-414, Section 7a) 1is currently reviewing the available data and research
needs in this area,

It is the SEER data on the incidence of thyroid cancer for all repor~
ting areas combined except Puerto Rico, and all races combined, for the
period 1973-1981, that 13 the source of the normal incidence rates employed
here (8). For thyroid cancer known risk factors are neither numerous nor
influential (92); there is, however, some variation in the SEER tables-
for individual reporting areas (see Tables VII-1 and VIii-2).

For thyroid cancer the relative excess, R, in the basic equation
PC = R/(1 + R)
is found as the product of three functions, 1.e.,
R = F(D) x T(Y) x K(Al,é)

where F(D) represents the influence of the low-LET tissue dose (D), T(Y)
represents variation in R over time in years (Y) after exposure, and K(A1,S)

represents the relative excess thyroid cancer per rad for a person of sex §
and age at exposure Ay, when both Fand T = 1.

Under the linear model assumed for thyroid cancer, F = D where D is
the low-LET tissue dose in rad. For the thyroid the influence of time
(T) on relative risk depends only on years from exposure to diagnosis
(Y). The simple function T, the latency factor, is tabled below:

Y 0-4 5 6 7 8 9 10+

T 0 074 . +259 «500 «741 «926 1.
The standardized relative risk of excess thyroid cancer, X, is given oy
in the accompanying Table X-12 for each sex and individual vear of age g

(completed years) from birth to 75.

A few examples should make it clear how the PC values are to be obtained.

Example 1 A female, aged 10 when exposed to 5 rad of low-LET radiation to
thyroid tissue, with diagnosis 9.9 years later, and assumed to be typical of
her age and sex with respect to the normal risk of thyroid cancer. That is,
D=5, A) =10, and Y = 9.
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F(D) = 5
T(Y) = T(9) = .926

K(A1,8) = K(10,£) = .0594

then R=Fx Tx K=35x ,926 x .0594 = ,275

and PC = R/(1 + R) = .275/1.275 = .216 or 22%.

Example 2 A female exposed twice to low-lET radiation to thyroid tissue,
5 rad at age 10 and 2 rad at age 15, with.diagnosis of thyroid cancer

at age 25, 9.8 years after the latter exposure. Again, it is assumed
that she 1s representative of her age and sex with respect to the normal
risk of thyroid cancer. We must combine two values of R, one for each
exposure,

Exposure 1, at age 10, when D = 5, A} = 10, and Y = 15
F(D) =5
T(15) = 1
K(10, £) = .0594
then R} = Fx Tx K=5x1x .059 = ,297
Exposure 2, at age 15, when D = 2, Ay =15, and Y = 9
F(D) = 2
T(g) = -926
R(15, £) = .0535
. » ' then Rg = Fx T x K =2 x .926 x .0535 = ,0991
the total R = R} + Ry = .297 + .099 = .396
and PC = R/(1 + R) = .396/1.396 = .284, or 28%.
Example 3 A thyroid cancer was dlagnosed at age 44 in a woman following
o several exposures to low-LET radiation at various ages. The first, of one
& rad to the thyroid, occurred at age 20, 24 years and 2 months before
diagnosis (Y = 24). The second, to 2 rad, occurred 4 months later, at the
g same age (A} = 20) but 23 years and 10 months before diagnosis (Y = 23).
gﬁ At age 21, 23 years and 3 months before diagnosis, g 9-rad total dose was
received over a 36-hour period at the continuous rate of 250 millirad per
hour (Y = 23). Finally, at age 35, three exposures, to 1.1, 0.6, and 0.7
rad, respectively, were received on consecutive days, 9 years and 2
months prior to diagnosis (Y = 9). The first, second, and third exposures
should be considered separately, because exposures 1 and 2 correspond to

different values of Y, and exposures 2 and 3 to different exposure ages.
The 9-rad continuous exposure delivered over 36 hours can be treatsd as a
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single exposure because estimated risk under the linear model depends
only upon the total dose. Similarly, the three exposures at age 35 can
be treated as a single exposure.

Exposure 1:

F(D)

1

T(Y) = T(24) =1 '

K(20,f) = .0374

Ri =FxTxX=1x1x.0374 = .0374
Exposure 2:

F(D) = 2

T(23) = 1

K(20,f) = .0374

Ry =FxTxK=2x1x .0374 = ,0748
Exposure 3:

F(D) = 9

T(23) =1

K(21,£) = .0331

R3 =FxTxK=9x1x .0331 =,2979

Exposures 4, 5, and 6:

F(1.1 + 0.6 + 0.7) F(2.4) = 2.4
T(9) = .926
K(35,£) = .0175

2.4 X .926 x aOl?S = -0389

f

R4s5:6 = F x T x K

R =Ry + Ry + Ry + R4s5,6 = 0374 + 0748
+ 2979 + ,0389 = ,L449

PC = R/(1 + R) = .449/1,449 = ,310 or 31Z%.

The uncertainty surrounding PC estimates is discussed in Chapter VII,
: and Section VII-0 includes a derivation of approximate 90 percent credibilicy
intervals for PC estimates,
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To provide an orientation to the general magnitude of the PC values
that result from the procedures described here, Fig X-12 has been drawn
for tissue doses of 1, 10, and 100 rad of low-LET radiation, and PC
values pleotted by age at exposure, for both males and females, and on the
assumption that the minimal latent period has been satisfied. The vertical
scale is logarithmic and curves are presented for only three radiation dose
levels. For these and other reasons interpolation is to be discouraged.
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13. Excluded Sites

Although it is generally accepted that ipnizing radiation may increase
the risk of virtually any form of cancer, for many sites compelling human
data on its causative role are lacking, and for still others the existing
data are inadequate for the present purpose. For example, the BEIR III
report lists the following sites or tissues under the category of those
in which radiation-induced cancer has not been observed: prostate, uterus
and cervix, testis, mesentery and mesothelium, and chronic lymphocytic
leukemia. Sites or tissues in which the magnitude of the dose-specific
risk is uncertain are specified as: larynx, nasal sinuses, parathyroid,
ovary, and connective tissues (4). In addition, the BEIR III committee
presented estimates for lymphoma that no longer seem supportable; if,
indeed, certain malignant lymphomas are radiogenic, the evidence remains
too tenuous and inadequate to serve as the basis of PC calculations.

Although excess mortality from malignant lymphoma has been reported In

the British ankylosing spondylitis series (3), among the U.S. radiologists
(93), and among the Japanese A-bomb survivors (94), most of the evidence

has been based on death certificate diagnoses and on small numbers. No
statistically significant excess is evident in the most recent report on
mortality among the A-bomb survivors (28) or in the reports based on the
tumor registries (29,30). In their 1972 review of the evidence Anderson

et al. pointed to differences in the pathogenesis of leukemia and malignant
lymphoma and concluded that radiation-induced malignant lymphoma can be
observed only following very high-dose, possibly near-lethal, exposures
(95).

Multiple myeloma is a special case, worthy of further discussion.
Popularized as a radiogenic form of cancer by the first Hanford report (43),

‘multiple myeloma continues to have uncertain status as a radiogenic tumor.

Cuzik has summarized the data from 12 irradiated populations in which some
assoclation has been reported between multiple myeloma and exposure to
ionizing radiation, but these provide no basis for quantitative risk
estimates (96). Miller and Beebe have questioned Cuzik's pooling of
dissimilar studies, some of which do not show a wave of leukemia before
small excesses of multiple myeloma (97). Another perplexing factor was
that, in no study, no matter how heavy the dose, was the excess of multiple
myeloma more than marginal. A numerical basis for risk estimation can be
derived from recent reports on mortality from multiple myeloma among

A-bomb survivors (28,98) but histologically confirmed cases in the Nagasaki
Tumor Registry (29) and the Hiroshima Tumor Registry (30) are considerably
fewer and place the relationship in doubt.

Brain cancer has been reported in both of the tinea capitils series
(20,88) but not in sufficient numbers of provide stable statistical
estimates. Skin cancer is well-established as an effect of exposure to
ionizing radiaton but not to low doses. No threshold dose has been
agreed upon and there is no quantitative basis for risk estimates in th
region of practical interest (4).
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APPENDIX I
ILLUSTRATIVE PC TABLES

The complexity of the algorithms of the PC calculation is such that
systematic tables of the extent.called for in the Orphan Drug Act would
prove unwieldy in practice and might invite more error than the alternative
procedure of ad hoc calculation based on a few reference tables for each
site. In adopting the latter route in its presentation, the Working Group
nevertheless was persuaded that some illustrative PC tables would usefully
supplement the graphic summaries of Chapter X.

...

et

e

PC tables have been prepared for tissue doses of 1, 10 and 100 rad,

: and, for lung cancer (Table PC~9-1), for increments of cumulative exposure,
: in WLM, to inhaled radon and radon daughter products. For the latter table
only, alternative PC values are presented, reflecting various choices .of
risk coefficients as discussed in Chapter X-9. All other tables, with the
exception of the tables for bone cancer associated with exposure to alpha
particle radiation from radium—-224, pertain only to low~LET radiation and
may not be used for exposure to high~LET radiation. Except for leukemia
and bone cancer, the tabulated coefficients from which the PC values are
calculated do not depend upon age at diagnosis. With the same exceptions,
dependence on time after exposure is restricted to multiplication of the
relative excess risk by a factor T(Y) which increases from zero during
years Y = 0-4 to one for Y > 10. Thus it is sufficient to tabulate PC
values by radiation dose, sex, and age at exposure, for Y > 10. For
leukemia and bone cancer, on the other hand, the PC depends upon age at
diagnosis as well, and in the interests of brevity, separate tables of
PC, tabulated by sex, dose, and age at diagnosis, are presented only for

. exposure ages 0 to 70 in steps of 10.

Interpolation on exposure age is not recommended for leukemia or
bone cancer because of the added complexity of dependence upon age at
diagnosis, and is unnecessary for other cancer sites. Interpolation on
dose is impracticable, except for interpolation on WLM in Table PC~-9-T,
because PC values are given for only three dose values. It is, in any

o case, easy to calculate PC values from the relevant tables in Chapter X.

A simple mathematical relationship holds between the PC values
corresponding to any two dose values, for any site, provided that all
other factors, like age at exposure, time from exposure to cancer diagnosis,
and sex, are the same. Let PCy) denote the tabulated PC value for dose
D}, and let PCy denote the (untabulated) value for dose Dj. Then

% 1 Ls 1-PC; F(D;)
PC, PC, F(D,)

where F(D) = D for breast or thyroid cancer following exposure to low~LET
radiation-or for bone cancer following exposure to radium-224, and F(D) =

D + D2/116 for other cancers following exposure to low-lET radiation. The
above relationship is not recommended for routine use because the tabulated
PC values are given to a lower degree of precision than the risk coefficients
in Chapter X. :
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The tables appearing below are:

PC-1-A
PC~1-B
PC~-1-C
PC-2
PC-3
PC-4
PC-5
pc-6
PC-7
PC-8
PC-9
PC-10
PC~11

PC-12

Chronic granulocytic leukemia’
Acute leukemia

All leukemia except CLL

Bone cancer following exposure to radium-224
Salivary gland cancer
Esophageal cancer

Stomach cancer:

Colon cancer

Liver cancer

Pancreatic cancer

Lung cancer

Cancer of the female breast
Kidney or bladder cancer

Thyroid cancer.
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Tab

le PC-1-A-0. Chronic Granuloeytic Leukemia Following

Exposure at Age 0., by Age A, at Diagnesis,

in Rad of Low-LET Radiastion® PC in Percent, to Two -

Significant Digits or Three Decimal Places.

Sex, and Dose

- 273 -

Az Sex
Male Female

Dese
1 10 100 t 10 100
2 29 22 99, .19 85. 99.
3 52. s$2. 99. 56. 93. °9.
4 56, $3 9%. 6. 93. 99.
$ 52. $3 99 52. 92. $9.
) 56. 93, 9%. 47. 9. 9$%.
7 £5. 93, 99. 43 89, 99.
g S3. 82. %S, 41, 38. 9%.
4 51, 52. 89. 40, &8. 99.
19 49. s, 95. 19, a7. 89.
11 &7, 91, 99. 7. 86, $9.
12 46, 9. g9. 35. 85, 99.
13 2. 89, 99. 39, 3. 99.
14 37. 86, 99. 26 79. 98 .
15 31, 33, 99, 21 74. 98,
15 27. 20. 99. 18. 70. 93.
17 23, 76, S8, 16. 67. 97.
18 is. 72. $8. 15. 65, 97.
19 16, LY- IR 97. 15 &5, $7.
20 16, 63. 87. 15, 65. 97.
21 ti, 58. 6 16, 66, $7.
22 9.7 4. $5, 12. 5s. $6.
23 7.8 8. %4 9.7, 54, 95.
2% 6.¢ 41, 92 g.0 LY. 94,
25 4.8 5. $9. 6.7 44, 9%,
rd 3 3.8 31, 8. $.7 9. $2.
27 3.5 28. a7. 4.9 36. 90,
28 3.2 27. 86, 4.2 32. 39
29 3.2 26 85. 3.7 2%. 3.9
X0 3.2 2% 6. 3.3 7. 8§,
3t 3.2 26. 86. 2.9 24, 35,
32 3.0 25 &5, 2.8 22. 33.
33 2.3 23 86, 2.3 20. 21,
34 2.5 22, 83, 2.1 i9. an.
35 2.3 20 81, 1.9 17. 78.




Table PC-1-A-10., Chronic Granulocytic Leukemia Following
Exposure at Age 10, by Age Az at Diagnosis, Sex, and Dose
in Rad of Low-LET Radiation.® PC in Percent, to Two
Significant Digits or Three Decimal Places.

Az Sex
Male . Female
Dose

1 10 100 1 19 100
12 16. 67 87. 11, 57. 96.
13 32 34, 99, 22. 76 98.
14 3. 36 99. 23 76 98.
15 30 82. 99. 20. 73. 938
16 26 79 9s. 17. 70 58 -
17 22. 75 98, 15. I 97 .
13 19, 71, 58. 14 6%. 97
19 16. 67 97. 1% 84, 97
20 13, 62 96. 14. 8%, 97
21 11, 57 56. 13. 52. 97. i
22 9.0 51. 95. 11, 58, 96, .
23 7.1 45, 93. 8.9 51, 95.
2% 5.4 38, 91 7.2 46 . 93.
25 4.2 I2. 89 6.0 41, $2.
26 3.4 28. 87. 5.0 3s. 91
27 3.0 25. 85, 4.2 32. a9
28 2.8 23, 84 3.6 29. 87
29 2.7 23 34 3.1 26 86.
39 2.7 . 23. a3 2.7 23 84.
3t 2.8 22. 33 2.6 21 82.
32 2.5 21. 32 2.1 19 20
33 2.2 20 81 1.9 17 78
34 2.0 18 79 1,7 15, 76 .
35 1.8 16 77. i.5 . 14 . 74
36 1.8 15 75. 1.3 13, 71
37 1.8 14 74 1.2 12. £9.
3z 1.4 13 72. 1.1 11, 7.
39 1.3 12. 71, .98 e.7 65. ¥
410 1,2 12. 69. .29 8.9 §2.
41 1.1 11. 63. .82 5.1 60.
42 1.1 10. I .75 7.5 58
43 .99 3.7 65. .74 7.1 57. -
44 .53 9.2 63. .70 7.1 57. i
435 .87 3.6 62. .70 7.1 57.
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Table PC-1-4-20. Chroniec Granulocytic Leukemiag Following
Exposure at Age 20, by Age 3t Diagnosis, Sex, and Dosea
in Rad of Low-LEY Radiation.” PC in Percaent, to Twe
Significant Digits or Three Decimal Places.

é Az Sex
“ Male Fermale
Dose
1 10 100 1 1¢ 100
22 .5 28. 87. %.4 33, 89.
23 7.3 46, 96. 9. 82. 95 .
24 7.1 45. 93. 9.3 53, . 95.
25 $.0 41, 92. 8.4 0. 94,
26 £ 7. $t. 7.3 6. 56.
27 4.5 T34, $0. 6.3 2. 93
r4-3 4.2 12. 89. 5.4 38. 91,
29 6.0 31. &9. 4.6 4. 90.
30 3.9 31, a3, 4.0 3. 8.
31 3.8 36. 38. 3.5 28. 7.
32 3.5 28. 87. 1.0 25. 85.
33 3.1 26. 6. 2.6 23, 83,
34 e.5 24. 14, .3 2t. g1,
35 2.5 21, 82. 2.0 18. 79.
16 2.2 20, 81, 1.8 17. 77.
2 2.0 15. 79. 1.6 15. 75.
1z 1.8 17. 78. 1.4 1§, 73,
39 1.7 16. 76. 1.3 12. 7.
49 1.6 15, 75, 1.2 1, 68.
41 1.4 16. 73, 1.0 10. 66.
42 1.3 13. 7t. . 96 9.3 64.
43 1.2 12. 70. N-1.5 3.7 62.
44 1.2 11, 68. .87 8.6 62.
5 1.1 10. 67. .86 §.6 62.
46 1.0 $.3 65. .85 8.6 61!.
47 .93 $.2 63. .79 7.9 60.
43 .84 8.4 61, .69 $.9 56.
49 .73 7.4 s8. .58 5.9 £2.
i 50 .63 6.3 4. L 48 5.0 47 .
1 .53 5.5 0. .G $.3 43,
. 52 T $.7 46, .37 3.3 61,
-] .39 6.1 2. .34 3.5 38.
54 .34 L 39. .31 3.2 36.
55 .30 3.1 I6. .29 3.0 3s.
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Table PC-1-4=30, Chronie Granvlocytic Leukemia Following
Exposure at Age 30, by Age A, at Diagnesis, Sex, and Dosa
in Rad of Low-LET Radiatien.° PC in Percent, to Two
Significant Digits er Three Decimal Placas.

‘2 Sex
Malae Female o
H
Dose
1 10 190 1 18 190
32 1.9 17. 78. 1.6 1%, 75.
33 4.6 34. 99. 3.9 39. 8s8. %
34 5.2 37, $1. 4.4 33. 89,
15 5.1 37. 91, 4.2 32. 39.
36 4.7 35. $8. 3.9 3o0. 3.3
37 $.5% 35. 39. 3.5 28. 37.
33 4.9 3. 39. 3.1 26. 86, i
39 3.7 29. 3. 2.8 24. 84
40 3.3 27, 86. 2.5 22. 82
41 3.1 25. 85. 2.2 21. 81
42 2.8 2%. 84. 2.0 18 79.
43 2.6 22. 23, 1.8 17. 77.
44 2.3 21. 82. 1.8 16 77
45 2.1 19. 30, 1.7 16 77
%6 2.0 18. 79. 1.7 15. 76.
47 1.8 17. 77. 1.5% 16, 74.
48 1.6 15, 75. 1.3 15. 71,
49 1.4 13, 72. 1.1 11, 67,
50 1.2 1Y, 69. .91 9.9 63,
51 .95 9.7 65. 37 7.8 59.
52 .84 3.6 61, .68 6.9 55,
3 .72 7.2 57. .61 6.2 53.
S4 .62 6.3 53, .56 5.7 51,
5% .53 5.5 £0. .52 5.3 49,
£s .45 4.8 46, .47 6.8 47.
57 .40 4.2 43. .43 4.6 4%.
58 .35 3.6 39, .39 6.0 462,
59 .3 3.2 J6. .35 3.6 33.
69 .27 2.8 33. .3 3.2 3s.
é1 .24 2.5 31, .28 2.9 34,
62 .21 2.2 28. .28 2.6 32.
63 .19 2.0 26. .22 2.3 29.
&4 .18 1.9 24. .20 2.1 27.
6% .16 1.7 23. .17 1.8 26, i
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Table PC-1-A-40. Chronic Granulogytic Leukemia Following
Exposure at Age 40, by Age at Diagnosis, Sex, and Dese
in Rad of Low-LET Radiation.” PC in Percent, to Tuo
Significant Digits or Threae Decimal Places.

vi *2 Sex
“g Male Female
%% Dose
i T 0 00 i 70 100
42 1.6 15 75. 1.1 11. 63
43 3.9 11, 83. 2.9 24. &4,
46 4.6 34. 90 3.6 8. 37.
45 &.7 14, 90 1.8 3¢. -%-3
(19 %.4 I3, 990 3.8 30. Y.
47 4.1 12. 29 3.6 29. a7z
43 3.7 29. 33. L | 25. a5
(%] 3.2 26. 1) 2.5 22. 33
50 2.6 23. 33 2.t 19, a0
51 2.2 29. b3 1.7 16. 77
52 1.9 17. 78 1.5 14, 74.
£3 .6 1%, 75, 1.3 13, 72.
54 1.3 13. 7. 1.2 12. 69.
55 .1 11, 68. 1.t 1. 67.
56 .56 9.5 646, .99 $.7 65,
57 .43 3.2 6t. .89 3.8 62.
58 .71 7.2 57. .19 7.9 6).
59 .61 6.2 s3. .70 7.1 7.
60 .53 5.5 50. .62 6.3 L4.
6t 67 6.8 46, 55 5.6 51,
€2 et 4.3 43, .49 5.0 LT
63 . 37 3.8 41, .43 4.5 46,
€4 .33 1.5 38 .38 3.9 41,
65 .30 3.2 36. .33 .4 1.
66 27 2.9 34. 29 3.t 3s.
&7 25 2.6 32. .26 2.7 32.
1.1 .22 2.4 29. .c% 2.5 1.
69 .20 2.1 27. 24 2.5 30.
; 79 T 1.9 25. .23 2.4 30.
71 .16 1.7 22. .22 2.3 29.
72 .14 1.5 28, .20 2.1 27.
73 .12 1.3 18. 17 1.8 24.
74 .10 f.1 16. .16 1.% 21.
75 .09¢0 .96 16, .12 1.3 18.

g
2 S

?;&é

e
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Table PC-1-A-50. Chronic Granulocytic Levkemia Fallowing
Exposure at Age 50, by Age A, at Diagnosis, Sex, and Dose

in Rad of Low=-LETY Radiation.

PC in Percent, to Two

Significant Digits or Three Decimal Places.

‘2 Sex
Male "Female
Dose

1 10 1080 ] 10 100
52 1.1 11, 67. .91 9.0 63.
53 2.6 22. 83. 2.2 20. 81,
54 2.8 24. 24, 2.6 22. 33.
S5 2.6 22. 33, % 22. 33,
L1] 2.3 28. 81, 2.4 21. 2.
57 2.6 18. 79. 2.2 20. 1.
58 - 1,7 16. 717. 2.0 18. 79.
59 1.5 14, 74. 1.7 5. 76,
60 1.3 12. 71. 1.8 14, 74.
61 1.1 11, 67. 1.3 13, 71,
62 .97 9.5 4. 1.2 i, 68.
63 .85 8.5 61, t.0 9.9 5.
64 .76 7.6 8, .87 8.6 62.
65 .68 6.3 56. .75 1.5 s8.
656 .61 6.2 53, .65 6.6 55,
67 .34 5.6 59. .57 5.9 g2,
63 .48 5.0 47. .53 5.4 sa.
9 .62 4.4 44, -3 5.2 48,
7¢ .37 3.9 41, .49 5.0 48,
71 .32 3.4 7. Y 4.7 46,
72 .28 3.0 3., o1 6.2 43,
73 .2% 2.6 31. .34 3.6 39.
74 .21 2.2 28. .29 3.1 35,
75 .18 1.9 25. .25 2.6 31,
76 .15 1.6 22. .21 2.2 2s.
77 .13 1.4 20. .18 1.9 25.
78 L1 1.2 7. . 16 1.7 23,
79 .098% 1.0 15. .16 1.5 20.
29 08t .87 13, .12 1.3 18.
-3 072 .77 12. .11 1.1 16,
32 L067 .12 11, .095 1.4 15,
83 .084 .69 11, .088 .32 14.
34 051 .45 10. .078 .83 13,
35 .058 .63 9.8 072 .77 12.
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Table PC-1-A-60. Chronic Granulocytic Leukemia Following
Exposure at Age 60, by Age A, at Diagnosis, Sex, and Dose
in Rad of Low~LET Radigtion.” PC in Percent, to Two
Significant Digits or Three Decimal Places.

e A, Sax .
e :
Male o Female
Dose
1 10 100 1 10 100
€2 .57 5.9 52. .68 6.9 5e.
63 1.4 13. 73. 1.7 15, 76
66 t.6 15. 75. 1.8 17. 78.
65 1.6 15. 75. 1.7 16. 77.
65 1.5 14, 76, 1.6 5. 75.
67 1.3 13, 72. 1.4 13. 72.
63 1.2 11. 69. 1.3 12. - 71,
69 1.0 10. 66. 1.2 12. 70,
70 .90 3.9 3. 1.2 11, €9,
71 .77 7.8 59. 1.1 11, 67.
72 .67 6.7 55. .95 $.3 64,
73 .57 5.8 51, .79 7.9 60,
74 .48 4.9 &7. .45 6.7 £5.
75 L4 4.2 653, .55 5.7 51,
7% .34 3.6 39. 47 4.8 46,
77 .29 3.1 35. L& 4.1 42.
78 .25 2.6 31, .34 3.5 39.
7% .20 2.1 27. .29 3.0 35.
L1 A7 1.8 24. .25 2.7 32.
L3 .15 1.6 22. .22 2.3 2%.
82 .14 1.5 21. .20 2.1 27.
33 13 1.4 2t .17 1.8 26.
&4 12 1.3 19. .16 1.7 23.
35 .12 1.3 18. .14 1.5 21.
36 . 1.2 17. .16 1,% 20.
&7 .1 1.1 16. .13 1.4 15.
-3 .18 1.1 16. .12 1.3 18
39 w095 1.0 15. 12 1.2 18.
S0 .6%0 .95 14, 11 1.2 17.
§1 .086 .92 14, .19 1.1 16.
: 92 .082 .87 13. .099 1.1 16.
93 .078 .83 13, .855 1.0 15,
§4 .07 .79 12. .890 .98 14,
$S L0714 .76 i2. . 086 .92 14,




Table PC~-1-A-73., Chronic Granulocytic Levkemia Following
Exposure at Age 70, by Age A, at Diagnosis, Sex, and Dose
in Rad of Low-LET Radiation. PC in Percent, to Two
Significant Digits or Three Decimal Placas.

‘2 Sex
Male Female
Dose

1 ¢ 100 1 10 100
72 .57 - 3.9 41, .53 5.4 5.
73 .9¢ 3.9 3. 1.2 12. 70.
76 .58 9.6 5. 1.3 13. 71,
75 .91 9.0 63. 1.2 12. 70.
76 .89 8.0 - 60, 1.1 10. 67.
77 .69 7.0 56. .92 9.1 63.
78 .58 5.9 52. .79 7.9 5%.
79 .47 4.9 47. .67 6.8 55.
29 .40 $.1 42. .58 5.9 52.
31 .34 3.6 39. .50 5.1 48,
82 MR 3.3 37. .43 4.5 4S.
83 .29 3.0 35. .38 4.0 41, e
84 .27 2.8 33. .34 3.5 38.
3] .25 2.6 32. .30 3.2 3é.
85 .23 2.5 30. .28 3.0 34.
87 .22 2.3 29. .28 2.8 33.
33 21 2.2 <8. .25 2.6 3.
23 .19 2.0 26, .23 2.% 3.
$0 .18 1.9 25. .22 2.3 29.
91 .17 1.8 24. .20 2.2 27
92 . 18 1.7 23. .19 2.0 25
93 .15 1.6 22. 18 1.9 25.
94 14 1.5 21. .17 1.8 24
9% 13 1.4 20, 15 1.7 23. :
94 13 1.6 19. .5 1.6 22.
87 12 1.3 18. .15 - 1.5 21.
53 11 1.2 17. .16 1.5 20.
99 11 1.2 17. .13 1.4 19, -
109 .10 1.1 16. .12 1,3 19.
141 098 1.8 15. .12 1.3 18. .
102 .093 1.0 15, .1 1.2 17.
103 .08% .95 14, R 1. 17.
106 .08s .31 14, .10 1.1 16, ¥
108 .081 .87 13, .098 1.8 15.

' G

%
S
¢
B

G
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Table PC-1-B-0. Acute leukemia Following Exposure at Age 0,
by Age A, at Diagnosis, Sex, and Dose in Rad of Low-LET
Radiation. PC in Paercent, to Two Significant Digits or
Three Decimal Places.

A2 Sex
Male Female

Dose
i 14 100 1 10 100
2 1.5 14, 76 1.2 1, 69.
. -3 €.9 45, 93 5.4 38. 81
4 9.9 54, $5 7.8 68, $4.
5 i1, 58, 96, 8.8 51, $5.
) 12. 9. 96. 9.3 52. 8s.
7 i2. 58. $6 9.¢ 51, §5.
2 10. £5, 95. 8.1 49, %6,
9 5.0 52. 95. 7.2 46, §4.
10 7.% 48, 94. 6.5 43, $3.
14 6.7 Gb. 93 5.8 40. 92.
12 5.7 3s. 92. 5.1 37. $1.
13 4.7 35, 8%. 4.6 34, 90.
14 3.3 30. 32 4.1 32. 29%.
15 3.1 2%. LY N 1.7 29%. 38,
1% 2.6 22 23 3.3 27. 6.
17 2.2 55 2 2.9 26. 85.
18 1.9 17 78 2.4 2t. 32.
19 1.8 i6 77. 1.9 18. 79.
20 1.7 15. 76 1.6 is. 5.
21 1.5 16. 76, 1.3 12. 71,
22 1.3 13, 74, 1.1% 11. &7.
23 1.4 11, 68. .95 9.3 64.
24 .95 5.4 4. .82 8.1 60.
2s .31 2.0 60. L7 7.1 57.
26 .63 6.% 56, .61 6.2 53.
27 .53 £.0 52. .53 5.5 56.
z8 .50 5.1 3.0 .47 4.8 4%,
29 .63 4.4 G4, . .61 4.2 4%,
kL) .37 1.9 41, .36 3.7 0.
3 .32 .3 37. .31 3.2 36,
2 .23 2.9 34, .26 2.7. 32.
33 .24 2.5 31, .22 2.3 29.
. 34 .21 2.2 28, .18 2.0 25,
1% 18 1.9 25. .16 1.7 2.

- 281 -




Takle PC-1-8~10, Acyte Laukemia Following Exposurae at Age 10
by Age A; at Diagnesis, %ex, and Dose in Rad of Low-LET
Radiation. PC in Percent, to Two Significant Digits or

" Three Decimal Places.

AZ Sex
Male Female
Dose

1 ] 104 1 10 100
12 1.0 10. 66, .94 9.3 64.
13 5.6 39, $2. 5.5 39. 92.
14 8.1 9. $4. 8.8 51, 95,
15 3.3 49. 9%. 9.8 54. 9s5.
16 7.6 47. 54, 9.8 5¢. 95.
17 5.8 %4, 93. 8.8 51, 95.
18 6.1 41, 92. 7.5 47. 94.
19 5.6 3. 92. 6.1 41, 92,
20 5.2 37. 91. 5.0 36. 91,
21 4.7 35. 50 4.1 31, 39
22 $.1 31, 89. 3.4 27. a7
23 3.4 27. 87. 2.9 264. 34,
24 2.8 2%. 4. 2.4 21. 2.
25 2.3 21. 2. 2.1 18, 4.
28 2.0 18, 79. 1.8 té 77
27 1.6 15. 76. 1.5 14, 74
28 1.4 13. 72. 1.3 12. 71
29 1.2 1%, 69, 1.1 11, 67.
30 .99 9.7 65, .95 9.4 §4.
3 .84 8.4 81, .81 3.1 60.
32 .72 7.2 57 .67 6.8 56
.33 .62 6.3 53. .56 5.7 51,
X4 .53 $5.4 50. Y 6.8 45,
3s .48 %.7 46. .39 4.0 42.
36 .39 4.1 42, .33 3.4 38.
37 .34 3.6 s, .28 2.9 34,
33 .30 3.t 35, 23 2.5 30
3s .26 2.7 32. .23 2.1 27
40 .22 2.3 29. .12 1.8 2%
41 .13 2.0 26. .15 1.5 21,
42 . 15 1.7 22. .13 1.3 19,
43 .13 1.% 135, .19 1.1 16.
44 .10 1.1 16. 085 .50 14 .
45 .086 .9t 14, .068 .73 11,
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Table PC-1-B-20, Acute Leukemia Following Exposure at Age 20,
by Age A, at Diagnosis, Sex, and Dose in Rad of Low=LET
Radiation, PC in Parcent, to Two Significant Digits eor
Three Decimal Places.

Az . Sex
Male Female

g@ Dosea

e 1 10 100 1 10 100
22 .35 3.7 40, .29 3.0 35.
213 2.7 23. &4, 2.3 29. 81,
24 4.8 35. 90, 4.1 32. 9.
i 5.7 9. 92. 5.0 LY 91.
26 5.7 48, $2. 5.2 37. 91,
27 5.4 38, 91, 5.0 3s. 91,
4] 4.9 36. 90. 4.6 34, s0.
29 6.3 33, 89. 4.1 32. &%.
30 3.8 30. 33. 3.7 29. a8,
M 3.3 7. 86. 3.2 2 86.
32 2.9 26. 3s. 2.7 23 84,
33 2.5 . 22. s2. 2.3 20. 81,
34 2.1 19. 3%, 1.9 17. 78.
35 1.% 17. 78. 1.6 15. 75.
36 1.6 15. 75. 1.3 13, 71.
37 1.6 13, 72. 1.1 11, 8.
38 1.2 12. 69. .96 9.% 6%,
33 1.0 10. 66. &1 8.1 6C.
%0 .90 9.0 63. .69 7.0 56.
@1 .76 ¢ 7.8 59. 59 6.0 52
42 .63 6.6 54. .51 .2 49,
43 .51 5.3 49, .42 4.4 66,
G4 .42 4.3 G4 . 19 3.6 3s.
45 .34 3.8 15. .27 2.9 34,
46 .28 3.0 1s. .22 2.3 29.
47 .24 2.5 31, .19 2.0 2%,
48 .20 2.1 27. .16 1.7 23.
49 A7 1.8 24. .16 1.5 21,
9 t5 1.6 21, .13 1.4 1%,
L3 13 1.3 19. bt 1.2 17.
52 L1 1.2 17. .10 1.1 16.
53 093 1.0 15, .086 .92 14,
54 L0280 .86 t3. 074 .79 12.
55 L0E8 .73 11, .063 .68 1¢.

B3
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Table PC-1-B~30. Acute Leukemia Following Exposure at Agae 30,
by Age Aﬁ,at Diagnosis, Sex, and Dose in Rad of Low-LET

Radiatio PC in Parcent, to Two Significant Digits or
Three Decimal Places.
A, Sex
Male Female
Dose

1 19 100 1 10 180
32 070 .76 11, .065 .70 i1,
33 .82 5.2 60. .74 7.5 58 g
34 2.0 18, 79. 1.7 16, 7.
35 2.9 26. 35. 2.5 21. 32. .
36 3.4 28, 37. 2.8 24, 84,
37 3.8 29. 87. 2.9 25. 35,
33 3.6 29. 87. 2.9 2%. as.
39 3.5% 28. 87. 2.7 25. 34,
4q 3.3 27. 85, 2.5 22. 83.
41 2.9 25. 35. 2.3 20. 31,
42 2.6 22. a3 2.1 19. 80.
43 2.2 19, 21 1.8 t7. 77.
64 1.9 17. 78. 1,5 14, 74. 7.
%5 1.6 15. 75. 1.2 12. 70.
4% 1.3 13 71. 1.6 10. 46,
%7 1.1 11, 3. .39 2.9 62.
48 .98 9.6 65, .79 7.% 60.
49 .85 3.4 &1, .72 7.2 " §57.
56 .74 7.4 58, .65 6.6 55.
51 .64 6.5 54, .59 6.9 52.
s2 .56 5.7 5t. .52 5.3 49.
$3 .49 £.0 48 . .45 4.7 46,
54 .43 6.4 44, .39 6,14 42.
55 .37 3.3 40. .34 3.5 39. .
55 .3 3.2 7. .29 3.8 3s.
57 .25 2.7 32. 24 2.6 31,
sa L2t 2.3 28. .20 2.2 27.
59 18 1.9 25. 17 1.8 2%.
60 .15 1.6 2. .15 1.6 21.
§1 .12 1.3 19, .13 1.3 19,
62 L1t 1.1 1§, 11 1.2 17.
63 .09 .98 14. 035 1.0 15,
4 . 330 .85 13. 083 .89 13.
&S .078 .75 11, 073 .78 12. i
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Table PC-1-B-40., Acute Levkemia Following Exposure at Age 40,
by Age A, at Diagnosis, Sex, and Dose in Rad of Low-LET
Radiation. PC in Percent, to Two Significant Digits eor
Threqa Dacimal Places.

A2 Sex
Male Female -

Dose
1 10 100 1 10 100
&2 .008 .089 1.5 .006 072 1.2
43 - 16 1.6 22. .13 1.4 19,
44 .59 5.1 48, .41 4.2 43.
65 .88 8.7 £2. .63 7.0 56.
3 1.2 11, £9. .52 9.1 63.
47 1.4 13, 72. 1.1 1. 67.
48 1.5 L 7%. 1.2 12. 69.
4% 1.6 15, 74. 1.3 12. 71,
59 1.6 15. 74. 1.4 13, 72.
51 1.5 £6, 74, 1.4 13, 72,
) £2 1.5 4. 73. 1.4 13. 72.
£3 1.4 t3. 72. 1.3 12. 71,
54 1.3 i2. 71 1.2 11, 69.
L) 1.2 t1. 9 1.1 1. 67.
LT ) 1.1 10, 6. .58 9.6 65.
57 .93 9.2 63. .87 2.6 62.
s8 .80 8.0 0. .76 7.6 59.
5% .69 7.0 5¢. .67 6.8 5é.
59 .60 6.1 3. .83 6.0 £2.
6! .52 5.3 49, .53 5.4 4%.
62 .45 6.7 46, .47 4.3 7.
€3 a1 €.2 43, .42 4.3 44,
X . 3¢ 3.8 40. .38 3.9 41,
65 .33 3.4 8. .34 3.5 8.
66 .29 3.1 35. .30 3.2 3¢,
&7 .28 2.7 32. .27 2.9 33,
£8 .22 2.3 29%. .24 2.5 3.
69 .19 2.0 2é. .21 2.2 8.
70 . 16 1.7 23. .18 1.9 25.
74 .13 1.4 2e. . 16 1.7 e3.
o 72 , 12 1.2 1&. .14 1.5 21,
73 .18 1.1 1é. 12 1.3 1¢
76 088 . 9% 14, L1 1.2 17.
75 .077 .83 13, .0%8 1.0 15
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Table PC-1-8-50, Acyte Levkemia Following Exposure at Age 50,
by Age A, at Diagnosis, Sex, and Dose in Rad of Low-LET
Radiation. PC in Percent, to Two Significant Digits or
Three Decimal Places.

‘2 Sex
Male ~ Female
Dose

1 10 100 1 16 100
L ¥4 .004 .004% 081 .00% 004 L0718
53 L0186 .17 2.9 .014 .15 2.5
54 -081 .86 13. 071 .75 12.
5% .19 2.1 26. 17 1.8 24.
56 .33 3.4 33. .29 3.¢ 35,
57 .45 4.6 45, .40 4.1 53,
58 .54 5.6 5¢. w49 5.1 %3,
59 .61 6.2 53. .56 5.8 St.
60 .65 6.6 55, . .62 6.3 53.
$1 .68 6.9 £6. .66 6.6 55.
62 .69 7.0 56. .48 6.8 56.
63 .70 7.1 57. -89 §.9 56.
64 .79 7.1 57. .69 7.0 56.
65 .70 7.0 %6, .68 6.9 55,
&6 .68 $.9 6. .87 $.8 55.
&7 .65 6.6 5S. .45 6.6 35,
68 .60 $.1 53, .62 6.3 53.
69 .54 5.6 50. .58 5.9 £2.
79 .49 5.0 4%7. .53 5.4 50.
71 .43 4.5 45, .49 5.0 48,
72 .33 4.1 42. .45 4.7 46.
73 .38 3.7 40. .62 4.5 L
74 .33 3.6 38. .39 LR 42,
75 .30 3.2 3s. .35 3.8 40, ?
76 .28 2.9 34, .34 3.5 3s.
77 .28 2.7 32. 31 3.3 37. 5
78 .2% 2.5 39. .28 .0 3q.
79 .22 2.3 29. .25 2.7 32.
&80 20 2.2 27. .23 2.4 30.
&1 19 2.0 26 . .21 2.2 28. o
32 .13 1.9 25. .20 2.1 27.
83 .17 1.8 2%. .19 2.0 26,
24 .16 1.7 23 .18 1.9 2s.
35 .16 1.6 22. .17 1.8 2¢4.
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Taeble PC-1-B-60. Acute Leuvkemia Following Exposure at Age &0,
by Age A, at Diagnosis, Sex, and Dose in Rad of Low~LET
RadiatioA, PC im Percent, to Two Significant Digits or
Three Decimal Places.

‘62 . Sex

gf Male Female

i ‘

Dose
1 10 168 1 10 100

62 .000 LOGo .002 .0¢ .000 .002

. 63 .00 Lot .19 .80¢0 .009 .17
64 .008 .088 1.5 .047 077 1.3
65 028 -1 4.9 .025 .26 4.3
66 062 .67 1¢. .055 .59 $.3
67 .11 1.2 t7, .0658 1.6 15.
68 16 1.7 23. .15 t.6 21.
69 et 2.2 28, .28 2.1 27.
70 .25 2.6 32. .25 2.6 3.
71 .29 1.t 35. .29 3.0 3s.
72 .32 3.3 7. .33 3.5 18.

. 73 .35 3.6 3s. .37 3.9 61,
76 .32 3.9 é1. .40 6.2 43.
7%t L& 4,1 42. ,63 4.4 44,
76 LG 4.3 43. T .45 4.7 45,
77 - .43 4.4 44 . .47 4.8 47.
78 L GG 4.5 45, .47 4.% 47,
79 .45 I 45. .46 4.8 4é.
&0 .45 4.7 46, .65 $.7 45,
31 L6 4,7 46 . .45 4.6 45,
82 Y 6.8 66, .46 4.7 48,
33 .47 6.8 64, .66 4.8 46 .
24 .48 4.9 &7. .47 4.9 47.
35 LG9 5.9 &7. .48 5.0 47,
86 .50 5. 48, .50 5.4 48 .
87 W51 £.3 9. .51 5.3 69,
2.8 .53 €.4 49, .53 . 5.6 49,
Ly .54 5.5 50. .54 5.5 9.
50 .55 5.6 59. .55 5.6 530.
91 .56 5.7 51, .85 5.7 51,
92 .58 5.7 51 -1 5.7 51.
93 .57 £.8 51, .57 5.3 51.

. 9¢ .57 .9 52. .57 5.8 52.
95 .58 5.9 52. .58 5.% 52.
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Table PC-1-B-79. Acute Leukemia Following Exposure at Age 70,
by Age A, a3t Diagnesis, Sex, and Dose inm Rad of Low=LET
Radiatiod. PC in Percent, to Two Significant Digits or
Three Decimal Places.

AZ Sex
Malae Femalae
Dose

1 10 146 H 10 169
72 -800 .000 .000 000 000 .300
73 060 .90¢ .01 .90¢ .0c0 .010
74 .300 .808 .45 .00¢0 .008 . 14
75 L0403 .042 .72 .903 . 0490 .69
76 012 .13 2.1 .01 .12 2.0
77 L0246 .28 %.§ .025 .27 4.4
78 049 .52 8.2 L0446 .49 7.8
7% .080 .85 13. 073 .78 12. .
80 .12 1.3 18. L1 1.1 1%,
21 A7 1.8 2%. .14 1.5 21,
82 .22 2.% 2%. .15 2.0 26.
83 .29 kI 35, .25 2.6 32.
34 .35 3.8 40. .32 3.3 17.
&S .65 4.6 45, .39 6.1 42.
1) .54 5.6 50. .48 4.9 47.
a7 .45 6.6 5%. .57 5.8 51,
¥ .76 7.7 59, .47 6.8 5%
39 .38 3.3 2. .78 1.8 59,
39 1.0 9.9 65, .39 8.8 2.
91 1.1 11. 68, 1.0 9.8 6S.
$2 1.3 12. 79. 1.1 11, 68.
93 1.4 13. 73. 1.2 12. 7¢.
94 1.6 15, 74. 1.4 13. 72.
$5 1.7 16, 76. i.5 1%, 74.
9% 1.8 17. 73. 1.6 15. 75.
37 2.8 18, 79. 1.7 16. 77.
93 2.1 19. 80, 1.6 17. 78.
99 2.3 290. 81, 2.0 18. 79.
138 2.4 21, 82. 2.1 19. 80
101 2.5 22. 33. 2.2 29. a1,
162 2.7 23. 34, 2.6 21, 82.
103 2.8 24%. 34, 2.5 22. 22
104 1.8 25. 85, 2.6 22. 33
105 3. 26. g5, 2.7 23. 34
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Table PC~1-C~0. Leukemia Excluding CLL Following Exposure
at Age 0, by Age A, at Diagnosis, Sex, and Dose in Rad
of Low-LET Radiatidn., PC itn Percent, to Two Significant
Digits or Three Decimal Piaces.

Az b Sex
il Male Female
o
Dose
g% 7 T3 T30 ) T T
B
4 2.1 19. 30. 1.6 15. 76.
3 3.5 0. 96. 6.7 44, 93,
4 12. 59. $6. $.5 53, 9%.
-] 14, 63. $7. 11. g6, 96.
é 14. 65. 87. 11. 58. $6.
7 14, 66, 97. 11, 57. 11
.3 13. 62. 97. 10. 55, 9s.
9 12. 59. 9é. 9.5 53. 95.
10 11, 6. 86 . 2.8 51, 95,
1t $.5 53. $5. 3.1 49, 4.
12 8.3 49, 94, 7.4 46, $4 .
13 7.1 45, 9%. 6.8 44, %3.
14 §.0 &1, 92. 6.3 &2. 93.
15 g1 37. 91, 5.9 40. 2.
1% 4.4 33. 90. .4 38. 91
17 3.9 36. a8, 4.7 L1 b
13 3.5 2s. 37 4.1 32. 8%.
19 3,3 27. 85, 3.6 28, a7.
20 3.2 26 11 3.1 26. a5,
2t 3.0 25 5. 2.7 23. a4,
22 2.7 23 &4 2.4 et g82.
23 2.4 21, g2 2.1 19. a0.
24 2.1 13 79 1.9 17. 78.
25 1.7 16. 77 1.7 16. 76.
2é 1.5 14, 76 . t.5 14, 74.
27 1.4 13, 72. 1.4 13. 72.
4] 1.2 12. 70, 1.3 12. 70.
29 1.1 11, 63. .1 11, 68.
390 1.1 10. $7. 1.0 10. 66.
3 .99 $.7 €S, .93 %$.2 63.
12 .91 9.0 63. .43 8.3 61.
13 .83 2.3 6. 76 7.6 58.
) 34 .75 7.6 59. .66 6.6 55,
3% .78 7.8 57. .59 6.0 52.
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Table PC-1-C-10., Leukemia Excluding CLL Following Exposure
at Age 10, by Age A, at Diagnosis, Sex, and Dose in Rad
of Low-LET Radiatiod. PC in Percent, to Two Significant
Digits or Three Decimal Places.

Az Sex
Male Female
Dose

1 10 100 1 19 100
12 1.7 16. 76 1.5 14, 76,
13 7.3 46 . 94, 7.0 45. 93.
14 10. 54, 9s. 19. 56. 36,
15 19, 55. $S. 12. s8. 96 ;
16 9.3 53. 95 11, 58, 96.
17 2.3 49 94. 10. 55. 95.
13 7.5 46 . 94, 8.6 5¢. 95.
19 6.8 44 . 93. 7.3 46 . 94. )
23 6.3 42. 93. 6.2 42, 92. :
r g 5.7 39. 92. 5.2 1z. 91, :
22 5.0 16. 91, 4.4 33, 90
23 4.2 32. 39, 3.8 30. - 88
24 3.4 23. 57. 3.2 2b 34
25 2.3 24 a4, 2.8 23 34,
26 2.3 20. 81, 2.4 21 a2
27 2.0 18. 79. 2.9 18 79.
28 1.7 16. 77. 1.8 16 77
23 1.6 15, 74. 1.6 15 74.
30 1.4 13, 72. 1.4 13, 72.
31 1.2 12. 79. 1.2 1, 69.
32 1.1 11, 7. 1.0 9.9 §5.
33 .58 9.6 6S. .47 8.5 62, i
34 .87 5.6 62. .75 7.5 £8.
15 .77 7.7 53, .85 6.6 5.
36 .69 7.0 56 .57 5.8 £1
37 .62 6.3 £3 .50 5.1 458 .
38 .55 5.7 51 GG 4.5 45,
39 .59 5.1 48. .39 4.0 42,
%9 .45 4.5 45. .35 3.6 39.
41 . .40 4.1 63. .31 3.2 I5.
42 .36 3.7 40, .28 2.9 34.
63 .32 1.3 37 .28 2.% 31,
44 .28 2.9 34. .22 2.3 29.
45 .26 2.5 31, .19 2.8 25.

Bssnsonl
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Table PC-1-C-20. Leukemia Excluding CLL Following Exposure
at Age 20, by Age A, at Diagrosis, Sex, and Dose in Rad
of Low-LET Radiation. PC in Parcent, to Two Significant
Digits or Three Lecimal Places.

‘2 Sex
Male Female

b

§§ Dose

[ ] 10 100 f 10 100
22 .81 8.1 60. .72 7.2 57.
23 3.6 29. 27. 3.2 26, &6,
2% 5.4 38, 91, 5.0 36. 91,
es 5.8 40. %2. 5.7 490, 92.
26 5.6 I9. 92. 5.7 3-8 $2.
27 5.2 37. 91. 5.3 38. 91.
28 4.8 35. 90. 6.8 3S. $90.
&} 4.3 33. &9, 4.3 33. &9,
30 I.9 30. &s. 5.8 36. 8s8.
LB 1.8 28. 7. 3.3 27. 86

. 12 I 25. 5. 2.8 26. 84,
- 33 2.7 23. 33. 2.4 2. g2.
4 2.3 20. a1, 2.0 18. 79.
35 2.0 18, 79, 1.7 16, 76.
k1 1.8 16. 77. 1.8 16. 73.
37 1.5 16, 74, 1.2 12. 70.
I8 1.4 13. 72. 1.1 10. 67.
%9 1.2 i1, 69. .93 9.2 63.
40 1.0 10. 65 .81 8.0 60.
61 .91 9.0 63, .70 7.1 57.
42 .79 7.9 60. .61 6.2 53.
43 .48 6.9 56 .53 5.4 50.
44 .52 5.9 2. .45 4.7 %6,
45 .69 5.1 48. .35 4.0 42.
<6 .62 6.3 64, .33 3.5 LT.8
47 .36 3.8 40. 2% 3.0 35.
53 .3t 3.3 7. .25 2.6 32.
%9 .27 2.2 13, .22 2.3 29.
58 .23 2.5 .36, .20 2.1 27.
51 .20 2.1 27. .17 1.8 24.
52 .18 1.9 25. .16 1.7 22.
&3 .18 1.6 22. .14 1.5 29.
54 .13 1.4 20. .12 1.3 18,
£5 .12 1.2 18. 11 1.2 17.
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Tablae PC-1«C-39, Leukemia Excluding CLL Following Expesure
at Age 30, by Age A, at Diagnosis, Sex, and Dese in Rad
of Low=LET Radiatio&. PC in Percent, to Two Significant
Digits or Three Decimal Places.

AZ Sax
Malae Female
Dose

1 10 100 t 10 100
32 .47 4.3 45 .43 %.% 44,
13 1.7 16, 76. 1.5 19. 74
X4 2.8 23. 34, 2.4 21 82. §
3s 3.4 28. 37. 2.9 24 3]
315 3.8 19. a3 I 25 &6.
37 3.8 30. 3. 3 26. 85.
38 3.7 29. 3. 3.0 25. 35, -
19 3.5 28. 87. 2.8 23. a4, .
44Q 3.2 26, 86, 2.5 22. 83, )
41 2.9 25. 85 2.3 20. at. -
42 2.6 23. 33 2.1 18, 80.
43 2.3 290 82 1.8 17. 77.
44 2.0 18. 7% 1.6 15. 75.
45 1.7 16 . 77 1.4 13. 72. z
454 1.5 14 74%. 1,2 T, 9.
47 1.3 12. 7. 1.0 10, &6,
42 1.1 11, 87. .90 3.9 63.
49 .96 9.5 64. .79 7.9 §6. )
50 .83 3.3 61. .70 7.1 7. -
$1 .72 7.3 57 .82 5.3 5¢.
52 .43 6.4 $4 .55 5.6 51,
53 .54 5.6 50. .49 5.0 47,
sS4 .47 6.8 67, .53 4.4 44,
55 .40 6.2 43. .38 3.9 41,
56 .54 3.6 39. .33 3.4 8.
L7 .29 3.0 35. .28 3.0 36,
¥4 .24 2.5 31, .25 2.6 3.
S9 20 2.1 27. 21 2.2 28.
9 .17 1.8 24. .18 1.9 25.
61 15 1.6 21. .18 1.7 23.
62 .13 1,4 19. .16 1.% 20.
63 11 1.2 17. .12 1.3 18,
64 .0%9 1.1 1%, .1 1.4 16,
65 .087 .93 14, 093 .99 15. s
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Table PC~1-C-48. Leukemia Excluding CLL Following Exposure
3t Age 40, by Age A; 3t Diagnosis, Sex, and Dose in Rad
of Low-LET Radiatiofi. PC in Percent, to Two Significant
Digits or Three Decimal Places.

A, Sex
Male Female

Dose
1 10 100 1 10 100
€2 &% 4.6 45, 1 3.6 I39.
3 1.2 12. 9. .93 9.2 63.
44 1.6 15, 75. 1.2 12. 70.
45 1.8 17. 77. 1.4 14, 73.
46 1.9 18. 79. 1.5 14, 76.
4?7 2.0 18. 79. 1.6 15. 75.
L 1] 2.0 18. 79. 1.6 15, 75.
49 1.9 17. 78. 1.6 15. 75.
%0 1.8 16. 77. 1.9 14, 7%.
51 1.7 16, 76. 1.5 14, 73.
52 1.6 15. 74. 1.6 13. 72.
53 1.% 16. 73. 1.3 12. 71.
-1 1.3 12. 71, 1.2 11, $9.
5% 1.2 11, 1 1.1 11, &7.
$é 1.0 10. &6, .98 $.6 5.
£7 .89 3.8 62. .87 8.7 62.
53 .76 7.6 59, .78 7.8 59.
5% .66 6.7 £s. .69 6.9 56,
60 .57 £.9 52, .61 6.2 53.
61 .50 5.1 48. .5% 5.5 s0.
62 .64 4.6 65, .48 4.9 7.
63 .39 6.1 42. .62 4.3 44,
64 .35 3.7 19, . 3.9 69,
&5 .3 3.3 37. .33 3.5 1s.
€6 .28 3.0 34, .30 3.1 s,
67 .25 2.7 2. .27 2.8 33,
63 .22 2.3 29. .26 2.5 I
£9 .19 2.0 26. .2t 2.2 28.
70 16 1.7 23, .19 2.0 25,
71 .16 1.5 F4 N 17 5.8 2%.
72 .12 1.3 18. .15 1.6 22.
73 . 10 1.1 16 .13 1.6 20.
.\ 74 .090 .96 16, .12 1.2 18.
75 079 .35 13. .10 1.9 16.

- 293 ~



g Exposure
100

10

to Two Significant
Female

ex, and Dos=e in Rad

g CLi Followin

Sex
Dose

PC in Percent,
100

2 at Diagnosis, §

Laukemia Excludin
@ Decimal Places.

y Age A
]

of Low-LET Radiatio

Digits or Thra
Malie

at Age 50, &

Table PC~-1-C~50.

------------

LR T v v e
AT S 0 56.2'33753208&420753?95421099
N D 0 0D 666665555556.66.44333322222211
Lok BECERC IS .83549516395174074185308756.43

LRl ok o O — T L .+ s .

391q|¢|199887776655546433322223tlcl_ln!-ql

PPN IO TOONOTIOONRINNIT O N0 T MO
” o Pt e MR DN T I N T e e
L4 LRl ool o I - . . - . . - - & & 2 & 2 @ - * A4 . - . .
LA T T L T
57309753208?542‘8630742036‘3108876
MO VOO OOBNNIINNNINGS T MIMMrION I N O - -
My « ¢ o . 326051.8‘0727'730?‘206754322‘

TEMNINT T e v v w v s s e s & 8 4 e w e e e a e s
ﬂ111119988776665544333222211111111

312221.03695'7396’505‘553’976
..... 9!877665554‘.33222211‘

14
13
12
12

- 294 -



Table PC-1-C-60. Llevkemia Excluding CLL Following Exposure
at Age 60, by Age A, at Diagnesis, Sex, and Dese inm Rad
of Low-LET Radiationn. PC in Percent, to Twe Significant
Digits or Three Decimal Places.

e ———e o per- w— e £ e e

Az Sex

i Male Female

G

. Dose

P i 7o T80 7 70 160
62 .37 3.8 @1, .35 4.1 42.
63 .91 9.0 §3. .95 9.4 é4.
64 1.0 10. 66. 1.1 11, 67.
65 1.0 .8 5. 1.0 10. 66.
66 .92 8.0 63. .95 9.4 64.
67 .83 3.3 61, 86 8.6 62,
62 .73 7.3 8. 77 7.7 59.
6% .63 6.4 54. .69 6.5 56,
70 -1 5.8 0. .61 6.2 £3.
71 46 4.8 “é. .55 5.6 51.
72 .60 4.2 43. .50 5.1 68.
73 -1 .7 40. .45 4.6 46 .
74 .32 3.3 172. G 4.2 43,
75 .25 3.0 1s. .37 3.8 41,
76 .25 2.8 33. .34 3.5 38,
77 .24 2.6 31, 3 3.2 34,
78 .22 c.4 29 .28 2.9 14,
79 .21 2.2 28 .25 2.7 32.
3] .19 2.0 26. .23 2.4 3¢,
&1 .18 1.9 2s. .24 2.2 28
22 .17 1.8 2. .20 2.1 27,
33 .16 1.7 23, 19 2.0 2%
13 . 16 1.7 23. 19 2.0 2%.
&5 ) 1.6 g2. .18 1.9 25.
85 .15 1.6 2. .18 1.9 25.
87 15 1.6 22. .18 1.9 25.
&2 15 1.6 22. .18 1.9 25.
&9 .15 1.6 22. .18 1.9 25.
S0 .15 1.6 ee. 18 1.9 25.
91 13 1,6 22. .18 1.9 2%
92 .15 1.6 21. 7 1.8 24
93 15 1.6 2. A7 1.8 26,

L 94 is 1.8 Q1. .17 1.8 2%
§5 14 1.5 21, 17 1.8 24

;;%g
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Table PC-1-C~70. Leukemia Excluding CLL Following Exposure
" at Age 70, by Age A_ a3t Diagnosis, Sex, and Dose in Rad
of Low-LET RadiatioA. PC in Percent, to Two Significant

Digits or Three Decimal Places.
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A Sex
Male Female
Dose

1 10 109 1 10 100

72 .23 2.4 390. .28 3.8 34,

73 .55 5.6 50. .69 7.0 56.

74 .60 6.1 53. 77 7.7 59.

75 .57 5.8 5. .73 7.4 58.

76 .51 5.3 49. .66 6.7 55.

17 .45 4.7 46, .58 5.9 52.

78 .40 4,1 42. .58 5.1 48,

79 .34 3.6 3s. .43 4.4 64,

89 .30 3. 3s6. .36 1.8 40.

81 .26 2.8 33, .32 3.3 37.

3z .23 2.5 30. .28 2.9 14,

&3 et 2.2 28. .25 2.7 312.

&4 .19 2.0 26. .23 2.4 349.

&% .18 1.9 25. 21 2.2 28.

L.1] 17 1.8 26. .20 2.1 27.

87 16 1.7 23. 15 2.0 26.

&3 15 1.6 22. 18 1.9 25.

89 .14 1.5 21, .17 1.8 24.

39 .14 1.4 20. .16 1.7 23.

91 .13 1.4 19. 15 1.8 22.

92 .12 1.3 19. .15 1.6 21,

93 .12 1.3 18 . 14 1.5 21

9% 1 1,2 17. 14 1.4 29.

55 .11 1.2 17. 13 1.4 20.

9% 1 RIS | 1§, 13 1.4 19,

97 .10 1,1t 16. 12 1.3 19.

538 .10 1.1 LE- I . 12 1.3 18.

$9 .0%8 1.0 15, 12 1.2 18.

103 096 1.0 15. IR | 1.2 17.
181 L3 1.0 15. i1 1.2 17.
102 .092 .98 15, 1 1.2 17.
103 L0581 .97 14. .11 1.1 17.
104 .089% .95 14, 11 1.1 16.
105 .028 94 16 . 19 1.t 16.




Table PC-2-0. Bone and Joint Cancaer Following Exposurae at
Age 0, by Age A; at Diagnosis, Seax, and Dose in Rad of .
Alpha Radiation, PC in Perceni, to Two Significant Digits
er Three Decimal Places.

Az Sex
Male Female
Dose

[ 10 100 1 10 190

1 .053 .53 £.1 .053 .53 5.1
2 15, T $5. 15, 4. 95.
3 %6, 80. $9. 5. 3s%. 99.
4 87. 93. 99, 52. 2. 99.
.3 5. 93. $9. 49, 81, 9%.
é £1, 91. $9. 44, &9. 99.
7 46, 39, $9. 38. 85, 98,
3 24. 84. 98. 0. 81, 93.
9 2%. 76, 97. 22. 76, 97.
190 17. 7. 85, . 16, 66, 95.
11 12. 1.8 93. 13. 59. 94,
12 $.5 £1. 91, 10. 53. 92.
13 1.7 4%, 35, 8.7 49. $0.
14 6.4 43. 37, 7.5 %5. a9,
15 S.% 6. 35, 6.7 42, 32
16 L 33, 23, 6.1 39. a7.
17 4,1 30. &1, 5.6 37. 86,
18 3.8 29. 30, 5.3 36. s,
19 3.7 8. 79. 5.2 35. &4
20 3.6 27. 79. 5.1 15, 84,
21 1.6 e7. 79. 5.1 315. 846,
22 3.4 26. 78. 5.¢ s, 84 .
23 3.2 25. 77. 4.3 34, 84,
2% 2.9 23. 78 4.7 33. 83.
25 2.7 22, 74 4.4 32. &2.
2¢ 2.5 20. 72. 4.2 30. 81,
27 2.3 19. T0. 3.9 2%. L0.
28 2.0 17, 67. 3.5 e7. 78.
29 1.7 15. % 3.1 24. 75.
X0 1.5 13. 61, 2.7 22. 73,
3 1.3 i2. £8. . 3 19, 71,
u 32 1.2 11, £s. 2.1 18, 68,
33 1.1 10. 53 2.0 17. 63,
34 1.1 9.8 52. 2.1 18. 8.
35 1.0 9.4 51, 2.3 19, 79.

- 297 -




Table PC-2-10. Bone and Joint Cancer Following Exposure at
Age 10, by Age A, at Diagnosis, Sex, and Dose in Rad of
Alpha Radiation,® PC in Percent, to Two Significant Digits
or Three Decimal Places.

A, Sex 3
Male Famale
is
Dose =
[ 10 100 1 10 100
11 004 047 .47 .004 .049 .49
12 1.3 12, 57. 1.5 t3. 60.
13 6.3 40. 87. 7.1 43, 83, =
14 11, 54, 92. 13. 59. 93.
15 13. 60, 9, 16. 5. . 95. :
1§ 14. 61, 94 . 17. 58, 95.
17 1%, 61. 94. 18 69. 96 . )
18 14. 61, 94. 18. 69. 96. R
19 14, 61, 96, 13 69. 96 . i
20 14. 61, 9. 19, 7¢. 56. -+
21 14, 61, 94. 19 70. 96,
22 13. 60. 94. 19. 69. 96.
23 12. 58. 93. 18. 68. 96,
26 11, S6. 93. 17. 67. 9s. .
25 10. 54. 92. 16, 66. 95.
28 9.4% 51, 91, 15 64, 95.
27 8.5 4%8. 90 14, 62. 94.
28 7.4 45, 89. 1%, 59. $3.
29 6.% 41, 87 11, 55. $2 #
313 5.5 37. 85 9.4 S1. 91,
3 4.3 14, 84 8.2 47. 90
32 4.3 31. 32 7.6 %6, 389
33 4.0 29. 80, 7.0 43. &8.
34 3.7 28. 79. 7.0 43, .¥-)
33 3.5 26. 78. 7.4 44. 893
35 1.3 2s 77. 7.8 46, 39
37 I 24. 76 7.5 45, 3%
33 3.0 23, 7% 6.5 1. 87.
39 2.8 22. 74 5.4 s, 35.
49 2.6 21, 73 .4 31, 32.
41 2.4 20, 71, 3.5 27. 78.
42 2.1 18, 68 2.8 22. 74.
43 1.7 15, §3 2.2 19, 70.
44 1.3 11, 56. t.8 15, 4. )
45 .94 3.6 49 1.4 13. 59. i
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Table PC-2-29. Bone and Joint Cancer Following Exposure at
Age 20, by Age A, at Diagnosis, Sex, and Docse in Rad of
Alpha Racdiation.” PC in Percent, to Two Significant Digits
or Three Decimal Places.

*2 Sex

Male Female

m

g% Lose

-

[] 10 100 1 10 106

2t .005 .053 53 L0807 .07% 78
22 t.9% 16. 66. 2.9 23. 75.
23 10. £3. 92. 15. 64. 85.
26 18, 69. 8¢ 27. 78 97.

. 25 23, 75. $7. 33. 83. 9s.
2% . e5. 77. $7. 17. 35 L]
27 25. 77. $7. 7. 86, 98
28 26. 76. $7. 6. 35, 9s.
29 22. 74. 97 4. 84. 98
50 20. 71, $6. 31, 82. L 11
N 18. 62, 86 -28. 79 97
32 16. 66. $5. 25. 77 87.
33 15, 4. 5. 24. 76 97.
k1 14, 62. 94, 25. 76, 87
35 13. 60 94. 25. 77 97.
36 12. 53 93. 26. 78. 97.
37 11, -7 93, 25. 76 $7.
1 $1. 54, g2. 2t. 73 4 1)
39 10. 53. 52. 18. 69 $6 )
40 9.2 50. 81, 15. 63, 95.
61 3.4 43. $0. 12. 53 $3.
42 7.3 44, &9. 9.5 51, 91,
43 5.8 38. 85. 7.6 65, 89.
44 4.3 31, g2. 6.0 39. 8s.
4% 3.2 25 77. 6.7 33. 83.
46 2.4 20. 71, 3.8 28. 80.
47 2.0 17. 67. 3.8 24. 76.
48 1,6 14, 63. 2.7 22. 74.
49 1.4 12. 58. 2.5 20. 72.
50 1.2 11, 56. 2.3 19, 70.

5 L3 1.0 9.2 50. 2.0 17. 68.
52 .85 7.9 46 . t.7 15. 63.
53 .73 6.3 42. 1.3 12. 58,
%4 .62 5.9 is. t.t 9.9 . 52.
55 .53 5.1 35. .48 3.2 47.
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Table PC~2-30. Bone and Joint Cancer Fellewing Exposure at
Age 30, by Age at Diagnosis, Sex, and Dese in Rad of
Alpha Radiation.” PC in Parcant, to Two Significant Digits
cr Three Decimal Places.

A, Sex -
Male Female
Dose

1 10 100 1 10 100
T .007 0722 .72 .013 .13 1.3
352 2.4 20, 7. 4.2 30. 81,
33 12. 5s. 53. 20. 72. 96.
34 22. 73. 97. 3s. 85. 98.
35 8. 79. $7. 45 . 90. 99
36 31, a2. 98. 53. 92 99.
37 32. 82 98, $4. 92 99
38 32. a2. 9s. 52. 92 99
39 31, 82. sa. 48, 990. 99.
44 3a. 81, 93 42. 33. 99
41 28, 79 97 38, s 98.
42 25. 77. 97. 11, 32. 9.
43 26, 72. 9% . 26, 78. 937.
44 16, 65, %5, 219. 73. 96 .
45 12. 57. 93, 17, 67. 95,
G4 9.1 £0. 9%, 14, 62. 94,
47 7.3 44, a9. 11, S6. 93.
%3 6.1 39. arz. 9.8 52. 92.
49 s.1 3s. 84. 8.9 49, 91.
£Q 4.3 31, 82. 8.1 47, 90. .
5t 3.6 27. 79. 7.2 449, a9,
52 3.0 24, 76, 5.9 38, 84,
53 2.5 21, 72. 4.6 33. a3,
$4 2.1 18, 8. 3.7 28. 79.
5% 1.8 3.8 65. 3.0 3. 75.
56 1.% 13, 1. 2.4% 290, 71,
57 1.3 12. 57. 2.0 17. 67.
58 1.1 19, 53. 1.6 14, 62.
5¢ t.0 9.2 5¢. 1.3 12. 57, N
60 .9 8.% 48. 1.1 19. 53. :
§1 .81 7.6 4S. .92 3.5 48,
§2 .70 6.6 41, .77 7.2 4%,
63 .58 5.5 7. .87 6.3 40.
66 .48 4.6 32. .61 5.8 38, o
65 .39 3.8 28. .58 5.5 37.
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Table PC-2-40. Bone and Joint Cancer Follewing Exposure at
Age 40, by Age A, at DPiagnosis, Sex, and Dose in Rad of
Alpha Radiation.” PC in Percent, to Two Significant Digits

er Three Decimal Places.

Az Sax

s Male Femalea

§§ ,

Dosa

g% 1 10 100 1 10 168
61 L0113 .13 1.2 .81 .19 1.9

. 42 4.0 29. 80. $.4 6. 85.
43 17. 67 $5. 21. 73. 96,
4% 24%. 76 97. 3, g2. 98.
45 es. 77. 87, 34, 8¢. 9s.
66 24. 76 97. 34. 86, 9s.
47 22. 74. 97. 32. g82. 58.
48 21. 11, 96 . 39, 31, -
%9 18. 8. 86, 28. 30. $8.
50 15. . 64, 5. 27. 79. 5$7.
59 13. 0. 94 24. 76. 9$7.
52 1%, 56. 93 21, Je. 6.
53 9.6 1, 91, 17. 67. $5.
54 8.1 47. 99 14, 1. 94 .
55 6.8 42. 33, 1%. 55, 91,
56 £.7 k1.4 36 9.0 LY 91,
57 $.8 34, 84%. 7.3 5. 9.
£3 4.2 30. 81, $.9 39. 86,
5% 3.6 27. 7%. 4.8 34. 24.
s 1.2 25. 77. 4.0 29. 81,
61 2.9 23. 75. 3.3 25. 17.
&2 2.4 et. 71. 2.7 22. 74¢.
63 2.0 17. 67. 2.3 19. 70.
64 1.6 14. €2. 2.1 18. 68.
65 1.3 12. 57. 1.9 16, 66.
66 1.¢ 9.7 52. 1.8 15. 6.
67 .88 3.1 47, 1.5 14, 61.
63 T4 6.9 €3, 1.3 12. 57.
69 .62 5.9 1s. 1.1 9.8 52.
70 .53 5.0 15, .90 8.4 48,
11 .45 6.3 31, .76 7.1 43,
72 .33 3.7 28. .64 6.0 X9.

- 73 .31 3.0 24%. .53 5.1 L L
764 .25 2.4 20. .45 4.3 3t
75 .20 2.0 17. .33 3.6 27.

&
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Table PC-2-50. Bane and Joint Cancer Foellowing Exposure at
Age 50, by Age A, a3t Diagnosis, Sex,_and Dose in Rad of
Alpha R3ziatian.® PC in Percent, to Two Significant Digits
or Three Decimal Places.

AZ ‘ Sex .
Male : Female
Dase

1 19 100 1 19 104
51 .00¢ . 048 .48 011 .11 1.0
LT 1.5 13. 60. 3.2 25. 76. "
53 7.3 44 . 39, 14, 61. 94%. -
&4 12. $9. 93, 21, 73. $4,
55 15. 64, 55, 2%. 76. 37.
Sé 15. 65, 95, 23, 75. 97.
57 15. 61, $s. 22 73. 97.
-] 14, 61. 94, 19 71. 94 .
59 13. &9, 94. 17. 67. 95.
60 12. 57. 93. 14, 63, 94.
ét 14Q. $4%. 92. 12. £3. 93. )
62 8.9 49, $1. 10. 53. 52.
é3 7.3 44, &9, 3.3 49. 91,
64 £.9 39. 6. 7.5 46, sS4
[ 3] 4.8 33, 3. 7.3 G4, 89.
&6 3.9 29. 83. 6.6 41, 38, %
67 3.2 25. 17. 5.7 38, 36.
63 2.6 21, 73. 4.7 33. 83. .
69 2.2 18. 63. 3.9 29. 86.
70 1.8 16. 65, 3.2 25. 77.
71 t.5 13. 61. 2.5 21. 73,
72 1.3 1y, gs8. 2.2 18. 69,
73 1.0 9.5 g1, 1.8 1§. 65.
74 .81 7.6 45, 1.5 13. 690.
75 .94 6.9 9. 1,2 11, 56. 2
76 .52 4.9 34, 1.0 9.5 51.
77 .43 6.2 30. .87 8.0 47,
78 .63 3.8 29. .76 7.1 63
79 .90 3.8 29. .68 6.4 41, -
&) .41 4.0 29. .63 5.% 39. ‘
a1 .63 4.1 30, .56 5.4 3s.
82 .39 3.8 28. .45 4.7 33.
33 .33 3.2 25. .41 3.% 29.
24 .27 2.7 21. .32 3.1 24.
&% .23 2.2 18. .25 2.5 29.
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PC in Percent,
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Table PC-3. Salivary Gland Cancer 18 or More Years After
Exposure to Low-LET Radiation, by Age A at Exposure,
Sex, and Dose in Rad. PC in Percent, to Two Significant
Digits or Three Decimal Placaes.

%é A, Sax
Male Female
=
%é Dose
1 i¢ 180 ] 10 100
0 4.9 36. $0. $.3 33. a9.
1 4.5 34, 90. 4.0 31, &s.
2 4.2 32. 9. 3.7 29. 28!
3 3.9 3. 38. 3.4 2s. 87.
& 3.7 29. 38. 3.2 eb. 85,
5 1.5 28, 37. 2.9 2s. 85
3 3.2 e7. 6. .7 23. &4
7 3.0 2s. as. 2.5 22. 33.
3 c.2 26, &4, 2.3 9. 2.
9 c.7 23, 3. 2.2 19. 5.
10 2.5 2. az. 2.0 18. 79.
1t c.3 290. &1, 1.9 17. 78.
12 2. 19, 81. t.8 17. 77.
13 2.0 18. 79. 1.7 16 76
14 1.8 17. 77. 1.6 15. 7%,
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Table PC-4 (Continued). Esophagus Cancer 10 or More Years
Aftar Exposura to Low~LET Radiation, by Age A, at Exposure,
Sex, and Dose in Rad. PC in Percent, to Two gignificant
Digits or Three Decimal Places.

A, _ Sex
Male Female
Dose
1 10 100 1 ) 108
61 0879 .85 13. .25 2.7 12.
62 .083 .48 13. .26 2.7 33.
63 085 .92 16, .27 2.3 33.
64 .090 .96 14, .27 2.8 33.
\ €5 w093 .99 15. .28 2.9 34,
66 .095% 1.6 15. .28 2.9 34,
67 099 1.1 15, .28 3.6 34.
68 .10 1.1 16. .29 I.0 35,
6% .10 1.1 16. .29 3.0 1s.
70 11 1.1 .16, .29 .0 is5.
* 71 L1t 1.1 16. .29 1.8 3s.
72 .18 1.1 17. .29 1.0 15,
73 L1t 1.1 17. .29 3.8 3s.
764 BER 1.2 17. .28 3.0 34.
75 MR 1.1 17. .28 2.9 34,
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Table PC=5. Stomach Cancer 10 or More
to Low-LET Radiation, b
Dose in Rad. PC in P
Three Decimal Places.
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Table PC-6 (Continued). Celon Cancer 10 or More Years Afier
Exposure to Low-LET Radiation, by Age A, at Exposure, Sex,
and Dose in Rad. PC in Percent, tc¢ Two Significant Digits
or Threa Decimal Places.

“l . Sax
Male . Female

Dose
1 10 100 1 10 100
61t .033 .35 $.7 .038 .&1 6.6
62 L0313 .36 5.8 .038 .41 6.6
63 033 .36 5.8 .039 62 6.7
4 0313 .36 £.8 .039 4 6.8
65 L0314 .36 5.8 .060 &3 6.8
66 .034 .36 5.9 .040 .43 6.9
67 .034 .36 5.9 .061 .43 7.0
68 036 .36 $.9 L0461 4% 7.¢
69 034 .35 5.9 041 .44 7.1
70 .83 .36 5.9 042 .45 1.2
71 .034% .36 5.9 .062 .45 7.2
72 036 .36 5.9 .042 .45 7.2
73 .03% .38 5.9 -042 .46 7.3
76 .03 .36 5.8 043 LY 7.3
75 .033 .36 5.8 . 063 .46 7.3
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Table PC-8 (Continued). Pancreas Cancer 10 or More Years
After Exposure to Low=-LET Radiatien, by Age Ay at Exposurae,
Sex, and Dose in Rad. PFC in Parcent, to Two Significant
Digits or Three Decimal Placaes.

A‘ Sex
%g . Male Female

Dose
1 10 100 1 10 108
651 .11 1.1 16 .15 1.6 21,
62 .11 1.1 t7. .15 1.6 21,
63 11 1.2 17. .15 1.6 22.
64 11 1.2 17. .15 1.6 22.
65 L 11 1.2 17. .15 1.6 22.
1) L1 1.2 18. .36 1.7 22.
67 .12 1.2 18. . 16 1.7 23.
68 .12 1.3 18. .16 1.7 23,
69 .12 1.3 18. .16 1.7 23,
78 .12 1.% 18. 17 1.8 23.
71 .12 1.3 18. .17 1.8 24.
7 .12 1.3 18. .17 1.8 24.
73 .12 1.3 18. .17 1.8 24%.
74 12 1.3 18. A7 1.8 24.
75 .12 1.3 18. .17 1.8 24.
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Table PC-9-A. .Lung Cancer 10 or More Years After Exposurs to
Low-LET Radiation, by Age Ay at Exposure, Sex, and Deoses
in Rad, Given Neo Informatioé on Smoking. PC in Percent,
to Two Significant Digits or Thres Decimal Places.

Al Sex
Male Female
Dosa

[ 10 166 ] 18 109
15 .39 .9 42. .56 5.7 51,
11 .35 3.7 39, .51 5.2 49.
12 .31 3.3 37. .47 4.3 LI
13 .28 2.9 34, .42 §.4 4.
14 .24 2.6 31, .38 4.0 42.
1} .22 2.3 28, +35 3.7 39.
1% L] 2.4 26. .32 1.3 37.
17 .17 1.8 4. .29 3.1 3s.
18 .15 1.6 22. .27 2.8 33.
19 A4 1.5% 8. .25 2.6 32.
rdi] A2 1.3 19. 23 2.4 39.
21 .11 1.2 17. .22 2.3 28.
22 .14 1.1 16. .20 2.1 7.
23 .053 .99 15, T 2.0 2%.
2% . 086 .91 14. N8 1.9 24
25 .379 .84 13. .18 1.7 23.
26 .073 .78 12. .18 1.4 22.
27 L0647 .12 1%, .15 1.6 21.
28 .062 .87 10. R 1.§ 29.
29 .058 42 9.7 .13 1.4 2e.
30 L0584 .58 9.1 W13 1.3 19,
g .051 .54 8.5 L2 1.3 18.
32 .048 .51 8.1 12 1.2 18.
33 .045% .68 7.6 L 1.2 17.
14 042 .45 7.2 .1 1.1 17.
35 L0438 .43 6.9 .10 1.1 16.
1% .038 &1 6.6 .10 1.1 14,
37 .034 .39 $.3 .10 1.1 146.
k¥ .1 .035 <37 6.9 .G99 1.1 18.
39 .033 .38 5.8 .058 1.0 15.
40 .032 .34 5.6 L0968 1.0 15.
41 031 .33 5.4 L8968 1.0 18,
42 .030 .32 5.2 .09% 1.0 15,
43 .029 .31 5.1 .095 1.0 15,
44 .028 .30 5.0 .9%% 1.0 15.
45 L0238 .30 4.9 .095 1.0 15.
46 027 .29 4.8 .096 1.0 15.
47 .927 .28 4.7 .097 1.0 15,
48 826 .28 4.6 .058 1.0 15,
49 626 .28 4.6 .099 1.1 15,
58 028 23 4.5 .10 1.4
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Table PC-5-3 (Continued). Lurg Cancer 10 or More Years After
Exposure to Low-LET Radistioen, by Age Ay at Exposure, Sex,
and Dose in Rad, for Nonsmokers. PC in Fercent, %o Two
Significant Digits or Three Decimal Places.

’ Male Female
Dose

1 10 100 1 10 100
51 17 1.8 264. .48 5.9 67,
g2 17 1.8 24. .48 5.0 47.
£3 17 1.8 2%. .49 5.1 4.
54 17 1.8 24. .51 5.2 9.
£5 17 1.8 24. .52 5.3 69,
56 17 1.8 24. .54 5.5 5.
57 17 1.8 24, .55 5.6 50.
58 A7 1.9 4N .57 5.8 51
LE] .18 1.9 2s. .53 5.9 52.
60 18 1.9 - .60 6.1 53.
61 18 1.9 25. .62 6.3 53,
62 .18 2.0 es. .64 6.% 54.
63 19 2.0 26. .66 6.7 55.
64 19 2.0 26. .68 6.9 £6.
65 20 2.1 27. .70 7.1 57
66 .20 2.1 27. .72 7.3 57.
67 .2t 2.2 28. .75 7.5 LT 30
£ .22 2.3 29. .78 7.8 g9,
69 .23 2.4 30. .81 8.1 690.
70 2% 2.5 30, .83 g.3 61.
71 .2% 2.6 LN .85 8.5 61,
72 .25 2.7 32. .87 8.7 2.
73 .26 2.8 33. .89 :.8 62.
74 .27 2.9 34. .90 5.9 63.
75 o8 3.8 34. .91 9.0 63.

e
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Table PL-9-C (Continued). Lung Cancer 10 or More Years After
Exposure te Low-lET Radiation, by Age A, at Exposure, Sex,
and Dose in Rad, for Former Smokars. P& in Percent, to Two
Significant Digits or Three Decimal Places.

il A 1 Sex
Male Female
Dose

1 1) 100 ] 10 100
51 .063 .47 7.6 .12 1.3 18 .
52 043 . 4B 7.4 12 1.3 18.
53 063 48 7.4 .12 1.3 19.
E4 043 .46 7.4 .13 1.6 19.
£5 L0463 .46 7.6 13 1.6 20.
56 043 .47 7.% .14 1.4 20.
L) 044 47 7.5 14 1.5 2t.
LT} 044 47 7.5 14 1.5 2t.
LY 044 .68 7.8 - 15 1.6 21.
é9 045 Y. 7.7 .15 1.6 22.
61t 046 .49 7.8 .16 1.7 2.
62 046 .50 7.9 .16 1.7 23.
63 047 .51 3.0 17 1.8 24.
4 048 .52 8.2 17 1.8 24.
63 L0590 .53 2.4 18 1.8 28.
646 051 .55 8.6 .18 1.9 25.
67 .53 .57 8.% .19 2.0 26.
63 .055 .59 $.2 .20 Q.1 27.
65 L0857 .61 $.5 .20 2.2 27.
70 059 .63 9.9 -3 2.2 28.
71 .062 .68 19. .22 2.3 29.
72 064 .68 11, .22 2.3 29.
73 866 L7 11, .22 2.4 29.
76 069 .73 11, .23 2.4 0.
15 071 .76 12. .23 2.4 3o.

B
foE

.
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Table PC-5-D. Llung Cancer 10 or More Yaars After Exposure to
Low=LET Radiation, by Age at Exposure, Sax, and Dose
in Rad, for Present Cigarette Smckers, All. PC in Percent,
to Two Significant Digits or Three Decimal Places.

ﬁ. Sex
Male Female
Dosae

[ 10 160 ] 10 100
19 .24 2.5 38, .23 2.6 39.
11 .21 2.2 28. .21 2.2 8.
12 .19 2.8 6. .19 2.0 26. N
13 17 1.8 24%. .18 1.9 24, ¥
14 .15 1.4 2i. . 14 1.7 23.
15 13 1.4 19. .14 1.5 21,
16 12 1.2 18. .13 1.4 20.
17 .19 1.1 16, .12 1.3 8.
18 .092 .98 15. 1 t.2 17. -
1% .083 .48 13. 19 1.t 16.
20 L3746 .73 12. .0%5 1.0 15.
e L0638 .72 11, .089 .95 14,
22 .061 .66 10. L0383 .38 13.
23 .05% .60 9.6 077 .83 12. .
2% .052 .55 8.7 .072 .77 12.
25 .048 .51 $.1 L0638 .72 1,
26 . 044 .47 7.5 064 .68 R B IR
27 L0541 .46 7.8 060 6% 19.
28 .338 .40 $.5 .057 .61 9.6
29 . 835 .38 6.1 .054 .58 9.1
30 .033 .35 5.7 .052 .56 3.3
31 .93 .33 5.4 .050 .83 3.4
32 .029 .31 5.0 .048 .51 8.1
33 .027 .29 4.8 L3458 .49 7.8
34 .026 .27 4.5 . 045 .48 7.8
35 Q24 .26 4.3 043 46 7.4
36 .023 .25 4.1 942 .45 7.3
37 .022 .23 1.9 041t 44 7.1
32 021 .23 3.7 L0461 Y 7.0
39 020 .22 1.6 .340 .63 6.9
440 .B19 .21 3.5 . 0419 X 5.8
41 .019 .29 3.3 .03% .62 6.8
42 .018 19 3.2 L.03% 42 6.8
43 .018 .19 3.1 .039 42 6.7
44 817 .18 3.t .039 42 6.7
45 L0117 18 3.0 .039 42 6.8
44 L0186 '8 2.9 .039 .42 6.8
47 016 17 2.9 L0490 .43 6.9
43 L3186 t7 2.3 . 04610 .43 5.9
49 .01é W17 2.3 041 .44 7.0
50 L01s 17 2.8 .062 45 7.1
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Table PC-9~E. Lung Cancer 10 or More Years After Exposure to
Low-LEYT Radiation, by Age Ay at Exposure, Sex, and Dosa
in Rad, for Present Cigaretie Smokers, Under !0 paer Day.
PC in Percent, to Two Significant Digits or Threae Decimal

Places.
AL Sex
Male - Female
Dose

1 19 100 i 10 160
10 .68 6.9 56 . .66 6.7 - 55.
11 .61 6.2 s3. .61 6.2 53.
12 .55 5.6 59. .56 5.7 51. #ag
13 .48 c.0 47. .50 5.2 65,
14 .43 4. % 44, .46 §.7 46.
15 .38 3.9 41 .42 4.3 4%.
16 .33 3.5 38. .38 3.9 41,
17 .30 3. 36. .35 3.5 39.
13 .27 2.8 33, .32 1.4 37.
19 .24 2.5 1. .30 I 35, -
29 .21 2.3 28. .28 2.9 34,
21 .20 2.8 27. .26 2.7 32. ¥
22 .13 1.9 25. .24 2.5 3y,
23 16 1.7 23. .22 2.3 29.
24 15 1.6 22. .21 2.2 28.
25 14 1.5 20. .20 2.1 27. )
26 13 1.4 19, .18 2.0 28. '
27 .12 1.3 18, .17 1.8 a4,
23 .11 1.2 17. 17 1.8 23. ’
29 .10 1.1 1, .16 1.7 22.
30 655 1.9 15, .15 1.6 22.
3t L0899 .95 14, .14 1.5 21,
32 .083 .39 13. .14 5.5 20.
33 .078 .84 13, .13 1.4 20.
I 074 .79 12. .13 1.4 19.
35 0798 715 t1. .12 1.3 19,
3% .66 .71 11, .12 .3 18.
37 .063 .68 19. .12 1.3 18.
k¥.1 .06 1 .65 19. .12 1.3 18.
13 .58 .62 8.7 .12 1.2 18.
43 .05¢ .60 9.4 .1 1.2 17.
41 .054% .58 9.1 .1 1.2 17.
42 .45 .56 3.8 MR 1.2 17.
43 051 .54 3.4 AR 1.2 17, .
4% 049 .53 2.4 L1 1.2 t7. o
45 L0438 .52 8.2 R 1.2 17.
(Y 047 .51 3.0 L1t 1.2 17.
67 046 .50 7.9 .11 1.2 18.
48 .348 .69 7.8 J12 1.2 18. »
49 .045 .68 7.7 .12 1.3 18.
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Table PC-9~E (Continued). Lung Cancer 10 or More Years After
Exposure to Low-LET Radiation, by Age A, at Expesure, Sex,
ang Dese in Rad, for Present Cigarette Ymokers, Under 10
par Day. PC in Pearcent, to Two Significant Digits or Three
Decimal Places.

3 AI ’ Sex
Male Female
E% Dose
- 1 10 T00 1 70 100
s8 . 045 .68 7.6 . 12 1.3 18.
g1 L0446 .48 7.6 12 1.3 18, ‘
82 .046 47 7.6 .12 1.3 19. —
53 L0446 47 7.5 J13 1.6 19, A
54 .046 47 7.5 .13 1.4 19.
“ 55 . 0446 47 7.6 .13 1.4 20.
546 046 Y.} 7.6 , 14 1.5 20
57 045 .48 7.6 14 1.5 2t
58 L0645 Y. 7.7 .15 1.6 2t
3 0446 .49 7.8 .15 1.6 22
v &0 046 . 6% 7.8 .15 1.6 22
&1 047 .50 7.% .16 1.7 23
£2 0&7 LB 8.1 16 1.7 23
€1 L068 .52 8.2 17 1.8 24
6 049 .53 2.4 - 47 1.% 24.
£5 .051 .84 2.5 .18 1.9 25
66 L0582 .56 3.8 39 2.0 26.
&7 .05¢ .58 9.1 .19 2.1 26.
€3 .05¢ .60 5.4 .20 2.1 27.
¢9 .58 63 %.7 .21 2.2 8.
70 L0611 .&5 10. 21 2.3 28.
71 L0863 67 10. .22 2.3 29.
72 0658 .70 11, .23 2.4 29
73 068 72 11, .23 2.4 30,
74 L0790 .75 11. .23 2.4 0.
75 072 .78 i2. .24 2.5 30.
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Table PC-9-F. Lung Cancer !0 or More Years After Exposure to
Low-LET Radiation, by Age A; at Exposure, Sex, and Dose
in Rad, fer Present Cigarette Smokers, 10 to 20 per Day.
PC in Percent, to Two Significant Digits or Three Decimal

Places.
Al Sax i
Male . Female
Dosa
1 10 100 1 10 100
50 .28 2.9 34, 27 2.8 33.
i1 .25 2.6 31, .25 2.6 3.
12 .22 2.3 29. .23 2.% 29.
13 .20 2.1 27. .20 2.2 27.
14 . 47 1.8 24. .18 2.6 26.
15 .15 1.6 22. 17 1.8 24.
16 .16 1.4 20. .15 1.6 22.
17 .12 1.3 18, 14 1.5 21.
18 i 1.1 17. .13 1.4 19.
19 .097 1.9 15, .12 1.3 18.
20 .087 .33 14, R 1.2 17.
2! 079 .85 13. .10 1.1 16.
22 072 .77 12. 037 1.0 15.
23 .64 T 1 09¢ .96 14,
24 061 .68 10, 08s% .90 16,
25 .054 .60 $.3 .07% .85 13,
26 051 .55 3.7 .h78 .80 12.
27 .048 .51 8.1 L8790 .75 12. .
23 L0449 .47 7.5 L0467 .72 11,
29 041 .66 7.0 .064 .68 RR N
30 .038 L4t 6.6 L0611 .65 10.
31 03s 18 6.2 .058 .62 9.7
32 .034 .38 5.9 .05% .60 9.4 5
33 .032 .34 5.5 .054% .58 9.1
1) .03¢8 .32 5.2 .52 .54 2.8 y
35 .G28 .30 5.0 .051 .54 3.5
38 . 027 .25 4.7 853 .53 3.4
37 026 .27 4.5 043 .52 2.2
ls 025 .28 5.3 048 51 3.1
39 024 .25 4.2 047 .50 2.0 ?
40 023 .2% 4.0 84?7 .50 7.9
41 .022 .24 3.8 .064% .49 7.9
42 .021 23 3.8 046 .49 7.8
63 021 .22 3.7 L0456 .49 7.8
44 .g20 .21 3.6 046 .49 7.3
45 .02¢ .21 3.5 048 .49 7.8
46 018 .21 3.4 04é .49 7.9
47 019 .20 3.3 047 .50 7.9
4“8 .B19 .20 3.3 L8472 51 2.9 "
49 .018 .20 3.3 .048 .51 8.1
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Table PC-9-1. Lung Cancer, by Cumulative Exgosure to Radon
Daughters, in WLM, and by Assumed Risk Facter, for
Exposura 10 or Mora Years Bafore Diagnosis. PC in

Parcent.
MWLM Assumed Parcant Excess Rjsk per HLM
8.7 1.2 1.5
1 0.7 1.2 1.5
2 1.6 2.3 2.9
3 2.1 3.5 4.3
4 2.7 4.6 5.7 N
5 3.4 5.7 7.0 “
6 .0 6.7 8.3
7 4.7 7.7 9.5
8 5.3 8.8 11,
‘9 5.9 9.7 12. ¥
10 6.5 1t. 13.
11 7.1 12. 16, ;
12 7.7 13. 15.
13 8.3 13, 16.
14 8.9 1. 17.
15 9.5 15. 18.
16 19. 16. 19.
17 11. 17. 26,
18 11. 18 21.
19 12. 19 22
20 i2. 19, 23.
25 15, 23. 27
30 17 26. 31
35 24. 30. 34,
40 22. 32, 33
45 26. 35, 40
50 26. 338, %3
60 30 52, 47,
70 33 46, 51
80 36 49. 55
90 3 52. 57
100 q1, 55, 60
120 G5 . 59, 64
140 49, 63. 68
160 53. 66 . 71,
180 56. 68, 73
200 58. 71. 15
250 64, 75, 79
300 68, 78. 82.
350 71, 81, 84
400 74, 83. 86
450 76. 84, 87.
500 78. 86. 88
600 81, 88, 90
700 83 &9, 91
800 35 91, 92
900 86 92. 93
1000 88 92. 94,
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Table PC-10. Faemzle Breast Cancer 10 or More Years After
Exposure to Low-LET Radiation, b¥ Age A, at Exposure and
Dose in Rad. PC in Parcent, %o Two Significant Digits or
Three Decimal Places, »

A‘ Sax
Male . Female

Dose
1 14 100 1 10 160
1} -——— —— b .3 19. 70.
1 - - -—— 2.3 19. 780.
2 g - —-—— 2.2 19, 70.
2 - - —— 2.2 18, 69.
4 - - e 2.0 17. 63.
5 - —— —— 1.9 17. 66.
é -—— o —— 1.8 16. 5.
7 - -—— ——— 1.7 15. 4.
.3 -—— —— -— 1.6 1%, 62.
9 - -—— - 1.5 13. 0.
10 —— e - 1.4 13. 59.
11 — —— - 1.3 12. 57.
12 - ——- - 1.2 11, 56.
13 - -—— ——— 1.2 11. 54,
14 —— - —— 1.1 10. 53.
15 - - - - 1.1 9.7 52-
16 -—- -—- —— .93 9.0 58.
17 —— - - .45 :.2 47.
18 - - —— .79 7.6 44,
19 -—- - - .69 6.5 61,
20 - ——— -—— .60 &.7 38.
21 - - - .52 5.0 s,
22 -—— —-——— - .45 6.3 i1,
23 - - -—— .39 3.8 28.
2% —-—— —-—— - .35 3.4 256,
25 —-—— - —— .33 3.2 25.
26 - -—- - 3t 3.0 2%,
27 - - —— .39 2.9 23.
28 .- - ——— 23 2.8 22.
29 —— - -—— 28 2.7 22.
g - - —— 27 2.% 21.
3 - - -— 2% 2.5 21.
v 12 - -—- - 25 2.4% 20.
313 - - - 24 2.4 19.
34 - --- - 23 2.2 19.
35 - - —— 21 2.1 18.
15 -——— - ——- 19 1.9 16.
37 —— -—— - 17 1.7 15.
38 -— - - 15 1.5 13.
39 -——— - - 13 1.2 11,
%0 - - -—— 10 1.0 9.4

oy
i
a5

i
=
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Table PC-10 (Continued). Female 3reast Cancer 10 or More Years
After Exposure ts Low=-LET Radiation, by Age A; at Exposure
and Dese in Rad. PC in Percaent, to Twa Significant Digits
or Three Decimal Places.

A, Sex
Male Female
Dose

1 ] 139 t ig 18§
41 -——- ——- -~ .08% .33 7.7 &
42 ——— - - L0467 66 6.3
43 -——- - - L1538 54 5.2
44 ——— -—- - L0458 48 4.6
45 —— - -——— . 045 .45 5.3
454 - ——— - .043 .43 4.1
47 - - - .04t .41 1.9
4“8 -——— - - .039 .39 3.8
49 - -—- -—— .8317 .37 3.6
50 - ——— - .036 .36 3.5
51 -——— - ——— .034 .34 3.3
52 - - - .033 .33 3.2
53 -— .- - .32 .32 3.
54 - ——— ——— .33 .30 3.9
55 -—— - - .029 .29 2.8
56 .- - ——— 144 23 2.7
g7 - —— ——— 024 2% 2.6 J
58 - - ——— .325 .25 2.4
59 ——— -—— - .023 23 2.3
LYo ——— - - .21 .21 2.1
61 --— -—— —— .029 .20 2.0 N
62 - - - 018 .18 1.8
63 -— -——— -——— 017 .17 1.7
44 - - - .315 .15 1.5
§3 - —— - L0145 .14 1.4
6% —-- ——— - 013 .13 1.3 =
&7 ——— —-— - 011 it 1.1
£8 - - - 014 10 .99
63 .- -—- ——— .008 .08% - .85
73 - - - .59z 072 L7
71 - -—- - .8085 .35%8 .58
72 - - - L0384 . 044 .64
73 -—— - ——— L8902 .229 .29 ?
74 ——— -—— - L0011 g15 .15
75 - - - .0g0 .0g0 L9040 5
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Table PC~11 (Continued). Kidney and Bladder Cancer 10 or
More Years After Exposura to Low—LET Radiation, by Age H
at Exposure, Sex, and Dose in Rad. PC in Percent, +o Two
Significant Digits or Three Pecimal Places,

A, Sex i
Male Femala
Dosa

1 10 168 1 10 100
$1 827 .29 €.8 .090 . .96 14,
62 027 .29 4.8 .045%9 .97 14,
63 .027 .29 4.8 091 .97 14 #
LY .027 .29 $.8 091 .87 14,
5 .027 .29 4.3 .091% .93 14,
6% .028 .38 4.9 .092 .93 15,
67 .028 .33 4.9 .093 .99 15,
62 .028 .30 4.9 .093 .99 15,
5% .029 .31 5.0 894 1.8 15.
70 .029 .31 5.1 .09%s 1.9 is.
71 .929 .31 5.1 .096 1.0 15,
72 .030 .32 5.2 .097 1.0 15.
73 .030 .32 5.3 098 1.0 15,
74 .031 .33 5.3 .099 1.1 5.
75 031 .32 5.4 .10 1.t 16.
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Mora Years After Exposure
at Exposure, Sex, and
Two Significant Digits eor

&

Thyreid Cancer 10 or
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Table PC-12 (Continued). Thyroid Cancar 10 or More Years
After Exgosurae to Lew-LET Radiation, by Aga A, at Exposure,
Sex, and Dose in Rad. PC in Parcent, to Tuo Eignificant
Digits or Three Decimal Places,

A‘ Sex
Male . Female
Dose

[ 190 100 1 10 100
41 .98 9.0 59, 1.7 5 64. o
42 .97 3.9 59. 1.7 15. 64,
43 .94 3.9 49, 1.7 15. 64.
44 .95 3.8 45. 1.7 15. 64.
45 .94 8.7 49, 1.7 .15, 64
44 .93 8.6 48. 1.7 15. 64,
47 .91 3.4 43. 1.7 15. 66,
43 .85 8.3 47, 1.7 15. 63,
49 .38 8.1 47. 1.7 15, $3.
50 .84 3.0 46. 1.7 15, 63,
St .84 7.8 48. 1.7 15. §3.
52 .82 7.7 45, 1.7 16, 63.
53 .81 7.5 45, 1.7 14, 63.
54 .79 7.4 44, 1.6 14, 63,
55 .78 7.3 44, 1.6 14, 62.
55 77 7.2 44, 1.5 14, §2.
57 .75 7.1 43. 1.6 14, §2. =
-¥. .78 7.1 43, 1.6 16, §2.
29 .75 7.8 3. 1.6 14, §2.
£3 .75 7.8 3. 1.6 - 14, 62.
61 .74 7.9 43, 1.6 14. 62.
62 .74 6.9 43, 1.6 14, 62.
63 .73 6.9 42, 1.6 14, 62,
£4 .73 6.8 42. 1.6 16, 62.
65 .72 6.8 62, 1.6 14, 62.
65 .72 6.7 42. 1.6 14, 62.
&7 L7t §.7 42. 1.6 14, §2.
£s L7 6.7 42. 1.6 14, 3.
6§35 L7 6.6 42. 1.7 14, 63.
70 .71 6.7 $2. 1.7 14, 63.
71 L7 6.7 42. 1.7 16, 63,
72 .72 5.8 42. 1.6 14, 63,
73 .78 §.9 43, 1.8 14. 62. v
76 .75 7.1 43. 1.8 14, 62.
75 78 7.% 44, 1.6 14. §2. i
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APPENDIX I1I - STATUS OF FINAL REPORT OF THE WORKING GROUP IN RELATION
TO THE RECOMMENDATIONS OF THE NATIONAL ACADEMY OF SCIENCES (NA&S)

OVERSIGHT COMMITTEE ON AN EARLIER DRAFT (JULY, 1984)

The NIH Working Group has been in close communication with the NAS Over-
sight Committee throughout the period during which the Radioepidemiological
Tables have been in preparation. In consequence, many of the recommendations
made by the Oversight Committee on the July draft have been followed in the
preparation of the final draft. Others, of course, look to the future
and counsel any future group that may have the task of preparing revisioms.
In what follows, the NAS recommendations are first reproduced individually
and a statement is provided to show how that topic has been handled in.
the final report.

1. "The Oversight Committee recommends that the Working Group prominently
{ndicate that the doses used in the tables are absorbed doses in organs

and that use of other radiation measures, such as kerma or instrument
readings, in calculating assigned shares will results in errors.”

The final report should make it clear that the dose to be used

for each site is the absorbed dose.” Chapters IV, V, VI, and IX,

in which the methodology is outlined, all refer to dose as "absorbed”,
"tissue™, or "organ" dose, and in Chapter X the PC calculation for
each site is given in terms of absorbed dose.

2. “The Oversight Committee recommends that the Working Group consider
other ways of defining the category of "leukemia excluding CLL" (chromnic
lymphocytic leukemia)-- for example, ways that would exclude cases that
should be diagnosed as CLL but are not.”

The Working Group's definition of a disease that included all
types of leukemia other than chronic lymphocytic leukemia (CLL)
was based on the previous use of this definition by the BEIR III
Committee and on the fact that CLL is the only major type of
leukemia that has not been observed to increase in incidence in
irradiated human populations. It is true, as stated by the Over-
sight Committee, that this definition can result in the inclusion
of cases of CLL that are not diagnosed as such. However, no
classification can protect entirely against misdiagnosis. To
define the category by inclusion rather than exclusion based on
current diagnostic criteria would require re-analysis of all the
leukemia case material from the A-bomb survivors, ankylosing
spondylitics, Thorotrast patients and other series, which is
probably not feasible.

3. "The Oversight Committee recommends that the decision of whether to
include specific sites of cancer in the radioepidemiologic tables be

based, to the extent possible, on an evaluation of the reliability of the
estimates of assigned share, rather than on a subjective judgment preceding
the data analysis.”

- 339 -




It may well be that all tissues in which cancers arise are sus—
ceptible to the carcinogenic effect of ionizing radiation, but this
has not been shown. The Working Group employed three criteria in
selecting sites;

(1) The available evidence indicates that cancers of
the site in question may be caused by ionizing
radiation;

(2) There are risk coefficients of sufficlent specificity
as to age and sex to permit the calculation of PC
tables; and

(3) The risk coefficients have sufficient statility to
warrant the calculation of PC estimates.

4, "The Oversight Committee recommends that, in compiling assigned shares

in the future, greater use be made of original radioepidemiologic data, s
including the latest updates available, and that correspondingly less use -

be made of derived risk coefficients, such as those from the BEIR ITI report.”

The Working Group agrees that future revisions of the Tables should
include original risk estimates from the latest available data and
notes that a somewhat larger committee operating in a longer time
frame would be desirable. However, care should be taken to avoid
unnecessary duplication between a future committee's work and that
of a new BEIR committee of the NAS. '

5. "The Oversight Committee récommends that the use of mortality data be
considered for improving the understanding of the baseline incidence data
and for identifying the uncertainties 1in the trends for those data.”

The Working Group examined mortality trends over time and in-
cluded in Chapter VII-C remarks concerning the several sites for
which such trends are most important.

6. “The Oversight Committee recommends that the Working Group explain in
greater detail the consequences of different time-projection models.
Different models not only distribute observed cancer risks differently

over the period of observation, but also lead to different estimates or

risk for longer periods after exposure. The best choice of model is stiil
uncertain, and the users of the tables should understand their limitations.”

The Working Group agrees with the Oversight Committee that the
choice of a time-projection or time-to-tumor model can have
profound implications for PC, or assigned share, calculations.
Many pages of text have been devoted to this topic in Chapters
IIL, V and VII, in addition to text and tables in the site-specific
sectlons of Chapter X. Much discussion has been devoted to the
fitting of lognormal time-to~tumor distributions to data for bone
cancer and leukemia, and to the choice of the constant relative

- risk model for the other cancer sites treated. The latter choice
was based on the plausibility of the model in the context of a
multi-stage hypothesis for radiation carcinogenesis, in which
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radiation acts at an early stage, and on analyses of data for
breast, lung, and stomach cancer. For those sites, the constant
relative risk model fits well, The extension of the model to
other sites receives support from analyses by Kato and Schull
(4, Chapter V) showing that the relative risk for all cancers
other than leukemia, considered as a group, varies little over
time, within age-at-exposure cohorts. Also, Darby's analyses in
parallel of mortality data from the A-bomb survivor and British
spondylitic series (18, Chapter V) indicates that the model
holds for the group of sites heavily irradiated in the latter
series. Only for thyroid cancer is there reason to believe that
relative risk may vary over time; this variation may, however,
merely reflect unusually thorough ascertainment in irradiated
populations thought to be at elevated risk.

7. "The Oversight Committee recommends that the Working Group provide
explicit guidance on projecting risks beyond the period of observed data—
e.g., how to estimate an assigned share for a person whose cancer occurs more

than 35 years after exposure-—or else provide an explicit statement that it
cannot now be done.”

The tables for leukemia and bone cancer have been carried out
to 49 years, but for other sites, where the relative risk time
distribution model is employed, the tables permit PC's to

be estimated for any period following exposure. The user is
informed as to the specific period of observation on which

the underlying data for other sites are based and alerted

to the additional uncertainty.attending PC estimates for
longer periods.

8. "The Oversight Committee recommends that full consideration be given
to the possibility of reanalyzing the available statistics on excess
cancer to model their time dependence without any specific assumptions
about period of latency, rather than assuming a fixed minimal latent
period and a prescribed form for the hazard function.”

(See comment following 9 below.)

9. "The Oversight Committee recommends that, if analyses like those
described in Recommendation B8 prove ineffective, consideration be given

to allowing different minimal latency periods and different periods during
which relative risks increase, for each specific type of cancer and age at
exposure.”

Minimal latent period is very difficult to investigate
except when the relative excess risk is extremely high,
as for bone sarcoma in patients exposed to radium-224.
Another complication is that, for example in the case
of breast .cancer among women exposed at young ages,

it would be possible for the true relative risk to be
fairly high at ages of very low baseline risk, without
any cancers being observed even in a large sample.

The approaches recommended by the Oversight Committee
are in fact no different from what actually has been
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done; the discussion by the Working Group reflects
the fact that these approaches seldom are successful.

10. “The Oversight Committee recommends that the assumption of constant
relative risks be reassessed as new data and new methods of analysis appear.”

This is for the future, but the Working Group endorses the
recommendation.,

11. "The Oversight Committee recommends that the method for projecting
relative risk estimates among populations be reconsidered when the
tables are next revised."

This 1s for the future, but the Working Group endorses the
recormendation.

12. "The Oversight Committee recommends that each revision of the tables
include a fresh appraisal of the relationship between cancer risks and
radiation dose and dose rate, allowing different responses under different
conditions for different tumor types.”

This also is for the future, but scarcity of human data may always
force reliance on experimental results with animal models.

13. "The Oversight Committee recommends that the Working Group further
justify its decision on how to apply quality factors in calculating
assigned shares for various high~LET radiations.”

(See comment following 14 below.)

14. “The Oversight Committee recommends that a method for estimating
assigned shares for persons exposed to high-LET radiation be developed
that does not depend so heavily on the estimates for low-LET radiation.”

In the final report, the Working Group has abandoned the use of
quality factors (Q) for estimating the cancer risk from high-LET
radiation. 1In the narrowest sense, Q for a given type of radia-
tion may be viewed as a somewhat arbitrarily selected constant
"relative biological effectiveness” (RBE) factor. The use of Q
makes sense from a radiation protection standpoint, in that it
enables one to express doses of radiation of different qualities
on a common scale (dose equivalent in rem). 1In reality, the RBE
of a given radiation varies with the end peiat studied, the
energy (and hence the LET) of the radiation at the target site,
the total dose and in many cases the dose rate. Therefore, it

1s not possible to assign a single RBE value for a given type of
high-LET radiation, say, fast neutrons. For internal emitters
(deposited radionuclides), dosimetry is further complicated by -
variations in spatial and temporal distributions of the radiation
sources within the target tissues. For these reasons, the
Working Group has limited 1ts consideration of high~LET radiation
to cases where data from direct observations exist, i.e., exposures
of bone to radium-224 (in which case the alpha-radiation dose is
measured in rad) and exposure of lung to radon daughters (radiation
exposure in working level months, WLM).
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15. "The Oversight Committee recommends that the current assumptions
about the relationships between radiation and smoking be reviewed as new
information on both low- and high-LET exposures accumulates.”

The human data on the interaction between smoking and radiation
leave much to be desired and the Working Group can only endorse
this recommendation.

16, "The Oversight Committee recommends that the Working Group provide
sufficient further documentation of its approach to handling dose rate

for the calculations to be reproduced independently. Graphic displays

showing the distribution of dose over time may be useful.”

The handling of dose-rate effect has been discussed in
Chapter V, Section B. Specific examples are ‘provided
in Chapter IX, Example 5, and in examples for the
specific sites in Chapter X.

17. "The Oversight Committee recommends investigation of the possibility
of modeling the response to radiation to include a variable for dose

rate as well as dose, age at exposure, and age at diagnosis, with a
smooth variation in response to changes in any variable.”

The Oversight Committee's recommendation suggests that there is
some intrinsic advantage in using smooth models to analyze data

as opposed to smoothing estimates derived from partitioned data.
This seems debatable in the absence of theoretical models specifying
the dependence of risk on various factors used to define the par-
tition. Such models do exist for dose response, and the Working
Group's calculations and those of the BEIR Committee incorporate
them. Such models do not exist for the effect of age at exposure,
on the other hand, and it seems reasonable to base the method of
smoothing, if any is to be employed, at least partly on the way

in which risk is observed to vary with exposure age.

" 18, "The Oversight Committee recommends that the Working Group discuss in

‘ detail the methods, data, assumptions, and calculations that need to be

made to estimate assigned shares for radiation as a cause of cancer.

Such a discussion would be useful to the users, as well as in the production
of improved versions of the tables.”

The Working Group believes that it has performed this necessary
; task in a way that will aid in the use as well as the revision
& of the tables.

19. "The Oversight Committee recommends that, before the Working Group
disbands, it document completely the derivation of the factors used im
the calculation of an assigned share.”

The Working Group believes that it has provided adequate
documentation.

20. “"The Oversight Committee recommends that a well-documented set of
computer programs be developed to facilitate both tabulation of the
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factors used in the formulas and unambiguous application of the assigned-
share forumlas.”

The Working Group has prepared a documented version of the
programs used in its calculations. There should be little diffi-
culty in adapting these programs, which are written in MLAB, to
other programming languages.

21. "The Oversight Committee recommends that an alternative expression be
considered for 'probability of causation,’® such as 'assigned share,' that
more accurately reflects what is being estimated.”

The Wbrking Group preferred to use the language of the enabling
Orphan Drug Act.

22. "The Oversight Committee recommends that the possibility of using a
different partition of the populations be kept in mind when new versions
of the tables are being produced, to be consistent with relevant newly
available information.”

This recommendation also is for the future and one the Working
Group can endorse.

23. "The Oversight Committee recommends that the available radicepidemiologic
data be analyzed with techniques that exploit the inherent smoothness of
the relevant biologic processes.”

See response to recommendation no. 17.

24, "The Oversight Committee recommends that the Working Group conduct a
quantitative appraisal, such as a sensitivity analysis, to evaluate the
uncertainties in the assumptions, data, and methods used in constructing
the tables; their influence on the reliability of the tables of assigned
shares; and their implications for possible uses of the tables.”

The Working Group has included a discussion of the elements that
contribute to uncertainty in Chapter VII. A quantitative analysis
of the influence of these elements on the reliability of the
estimates of the tables of Probability of Causation has been
included as Chapter VII, Section 0.

25, "The Oversight Committee recommends that the tables of assigned shares
be updated promptly after the revised atomic-bomb dosimetry is released,
with cancer data through 1982 or later if available and analysis with
improved techniques if possible.”

In Chapter VIII the Working Group has taken this position.
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APPENDIX III - GLOSSARY

Absolute risk -

an expression of excess risk based on the assumption that the excess
risk from radiation exposure adds to the underlying (baseline) risk,
by a constant increment dependent on dose; an absclute risk time-
response model distributes the radiogenic risk after exposure
independently of the underlying natural risk.

Additive intertaction model (AIM) -

the assumption that the total excess risk from exposures to radiation
and to another risk factor i1s equal to the sum of the excess risks
from the.two taken separately.

Alpha particle -

a charged particle emitted from certain unstable atomic nuclei (radio-
active elements), having the physical characteristics of a helium
nucleus (mass 4, charge 2+).

Ankylosing spondylitis -
arthritis of the spine.

Assigned share -

a number that expresses the probability that a given cancer is caused
by a previous exposure to a carcinogenic agent, such as radiation; here
synonymous with "probability of causation™ (PC}.

Ataxia telanglectasia (AT)

an inherited disorder associated with an Increased risk of cancer,

lymphoma in particular, and characterized by immunologic, chromosomal,
and DNA defects.

ATB -

at the time of the bomb; referring to the dropping of the atomic
bombs at Hiroshima and Nagasaki in 1945.

Background radiation -

the amount of radiation to which a member of the population is exposed
from natural sources, such as terrestrial radiation from naturally
occurring radionuclides in the soil, cosmic radiation originating in
outer space, and naturally occurring radionuclides depesited in the
human body. The natural background radiation received by an individual
- depends on geographic location and living habits. In the U.S., the
background radiation is on the order of 100-200 mrem per year.
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Baseline rate -

the cancer experience observed in a population in the absence of the
specific agent being studied; the baseline rate might, however, include
cancers from a number of other causes, such as smoking, background
radiation, etc. The Working Group has used data from the SEER program
(see this) as baseline rates for the present report.

BEIR II1 -

refers to the third National Academy of Sciences' Committee ou
Biological Effects of Ionizing Radiation, as well as to the report
published by this committee in 1980; the 1972 BEIR I report was also
used by the Working Group. o

Beta particle - : ‘ ;-,\\\
a charged particle emitted from the nucleus of certain unstable atomic
nucleli (radioactive elements), having the charge (+ 1 or -1) and mass of
an electron, .

Biologically equivalent dose (BED) =~
for a given dose and quality of radiation, and for a given cancer
site, the BED is the dose of 250 kVp X rays required to produce the
same increase in cancer risk.

Cancer -

a malignant tumor of potentially unlimited growth, capable of invading
surrounding tissue or spreading to other parts of the body by metastasis., -

Carcinogen =~
an agent that may cause cancer. JIonizing radiations are physical
carcinogens; there are also chemical and biologic carcinogens and
biologic carcinogens may be external (e.g., viruses) or internal

(genetic defects).

Carcinoma -

a malignant tumor (cancer) of epithelial origin.
Case-control study -
an epidemiological study in which people with disease are compared with

a similarly composed group of people without disease and the histories
of exposures to a putative causative agent are compared.

Cohort study -
or follow-up study; an epidemiological study in which groups of people
are identified with respect to the presence or absence of exposure to
a disease-causing agent and the outcomes in terms of disease rates are
compared.
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Confi

Credi

Cross

DNA -

Dose

Dose

Dose

Dose

dence interval -

an interval estimate of a statistical parameter, obtained as a
particular function of observed values of one or more random
variables whose joint distribution depends upon that parameter.

The interval-valued function . is so defined that, in an infinitely
increasing number of independent replications of the experiment
yielding the observed values of the random variables, the propor-
tion of times that the interval contains the {unknown) parameter
value converges to a number at least as large as some preset value,
called the confidence level of the interval.

bility interval -

an analogue of confidence interval, in terms of subjective probability.
if one's information about the true value of an unknown parameter can
be summarized by a probability distribution for that value, a credi-
bility interval of a given probability level for the parameter is an
interval such that the subjective probability distribution, integrated
over the interval, is not less than the given probability level.

over dose -

that value of the radiation dose for which the contributions of the linear
and quadratic components of the linear-quadratic dose-response function
are equal. A crossover dose of zero corresponds to a pure gquadratic

dose-effect function, and an infinite crossover dose corresponds to a
pure linear dose-effect function.

deoxyribonucleic acid; the genetic material of cells.
= abscrbed radiation dose =~

see: rad.

-effect (dose-response) model -

a mathematical formulation of the way in which the effect, or
response, depends on dose.

equivalent -
a quantity that expresses all radiations on a common scale for cal-
culating the effective absorbed dose. Dose equivalent is defined as

the product of the absorbed dose in rad and certain modifying factors
(the most important being the so-called quality factor, Q) and is expressed

"

in units of "re (see this).
rate -

the quantity of absorbed dose delivered per unit time.
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Epidemiology - -
the study of the determinants of the frequency of disease in man. The

two main types of epidemiological studies of chronic disease are cohort
(or follow-up) studies and case-control (or retrospective) studies.

Etiology -

the sclence or description of cause(s) of disease.

Fallout -

radioactive debris from a nuclear detonation or other source, usually
deposited from air-borne particulates.

Fluoroscopy -

a method of visualizing internal structures by directing X rays through
an object (e.g., part of the body) onto a fluorescent screen.

Fractionation -

the delivery of a given total dose of radiation as several smaller
doses, separated by intervals of time.

Gamma radiation -

also gamma rays; short wavelength electromagnetic radiation of n&clear
origin, similar to X rays but usually of higher energy (10 keV to
9 MeV). '

Geometric mean -
the geometric mean of a set of positive numbers is the exponential
of the arithmetic mean of their logarithms. The geometric mean of a

lognormal distribution is the exponential of the mean of the assoclated
normal distribution.

Geometric standard deviation (GSD) -
the geometric standard deviation of a lognormal distribution is the
exponential of the standard deviation of the associated normal
distribution. The geometric standard deviation is not standard
for statistical terminology but is more commonly used by physicists.

Half-life -

(physical); the time required for a radioactive element to lose
507 of its activity by decay. '

High-LET radiation -
radiation producing high ionization density along its track; includes

neutrons, protons, alpha particles, and the charged nuclei of higher
atomic-weight elements (see LET).
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IChA -

the International Classification of Diseases Adapted for use in the
U.5. The ICD is periodically revised by the World Health Organization;
the 8th ICDA is adapted from the 8th ICD and was issued in 1972.

ICRP -

International Commission on Radiological Protection.

Incidence -

or incidence rate; tﬁe rate of occurrence of a disease within a
specified period of time, often expressed as number of cases per
100,000 individuals per year.

In utero -

in the womb, i.e.,-before birth.

In vitro -

(1iterally, in glass), in culture or in the test-tube (as opposed to
in vivo, in the living individual),

In vivo -
in the living individual.

Ionizing radiation -

radilation sufficiently energetic to dislodge electrons from an atom.
Ionizing radiation includes X and gamma radiation, electrons (beta
radiation), alpha particles (helium nuclei), and heavier charged

atomic nuclei. Neutrons ionize indirectly by colliding with atomic
nuclei.

Kerma -

Kinetic Energy Released in Material. A unit of exposure, expressed

in rad, that represents the kinetic energy transferred to charged
particles per unit mass of irradiated medium when indirectly ionizing
(uncharged) particles, such as photons or neutrons, traverse the medium.

kVp -
g "kilovolt peak”, a measure of the energy of the X~ray tube-voltage and
ié hence of the maximum energy of the X-ray photons produced.

Latent period -

also time to response, induction period; the period of seeming
inactivity between the time of exposure of a tissue to an injurious
agent (e.g., radiation) and observed response (e.g., diagnosis of
cancer).
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LET = linear eunergy transfer -
a measure of lonization density of a given radiation. LET is the "
average loss in energy per unit length of path of the incident
radiation. See high-LET and low-LET radiation.

Linear energy transfer

see LET,.

Life Span Study -
see 1SS.
Life Table -

a table showing the number of persons who, of a given number born
or living at a specified age, live.to attain successive higher
ages, together with the numbers who die in the intervals.

Linear (L) model - . .

also, linear dose-effect relationship; expresses the effect (e.g.,
mutation or cancer) as a direct (linear) function of dose.

Linear-~quadratic (LQ) model -

also, linear—quadratic dose-effect relationship; expresses the effect
(e.g., mutation or cancer) as partly directly proportional to the
dose (linear term) and partly proportional to the square of the dose
(quadratic term). The linear term will predominate at lower doses,
the quadratic term at higher doses (see crossover dose).

Lognormal distribution -
if the logarithms of a set of values are distributed according to
a normal distribution they are sald to have a lognormal distribution,

or be distributed "lognormally.”

Low=1ET radiation -

radiation producing low ionization density, such as X and gamma
radiation, and accelerated electrons (see LET).

Life Span Study, refers to the study of a population of Japanese
atomic-bomb survivors selected for lifetime follow-up study.

Millirad (mrad) -

1/1000 of a “"rad.”

~ 350 ~




o

%

i

-

ey
=

i

grero

Bt

Millirem

1/1000 of a "rem.”

Mortality (rate) -

the rate at which people die from a disease, e.g., a specific

type of cancer, often expressed as number of deaths per 100,000
per year.

Multiplicative interaction model (MIM) -
the assumption that the relative risk (= the relative excess risk

plus one) resulting from the exposure to two risk factors is the
product of the relative rigsks from the two factors taken separately.

NAS -

National Academy of Sciences.
NCRP -

National Council on Radiation Protection and Measurements.
Neutron -

uncharged subatomic particle capable of producing free radicals in
matter by indirect ionization.-

Normal distribution -

a random variable X is said to be normélly distributed if, for some
number y and some positive number o, Y = (X - u)/o has a standard
normal distribution with probability density function

o(¥) = (2n)~12 exp(-y2/2).

NRC -

National Research Council (in this report); a unit of the NAS.

PC = probability of causation -

a number that expresses the probability that a given cancer, in a
specific tissue, has been caused by a previous exposure to a carcinogenic .
agent, such as radiation; essentially synonymous with "assigned share.” ‘

. i
Probability of causation - 5
see PC,

Projection model -

a mathematical model that simultaneously describes the excess cancer
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risk at different levels of some factor such as dose, time after

exposure, or baseline level of risk, in terms of a parametric function

of that factor. It becomes a projection model when data in a particular

range of factor values are used to assign values to the parameters in

order to estimate (or project) excess risk for factor values outside B
that range.

Promoter -

an agent which is not by itself carcinogenic, but which can amplify
the effect of a true carcinogen by increasing the probability of
late-stage cellular changes needed to complete the carcinogenic process.

Protraction -

the spreading out of a radiation dose over time by continuous delivery S
at a lower dose rate.

PY = person-years -

a unit used in epidemiological analyses, obtained by adding the
numbers of years of observation for all members of the group studied.
The number of PY may be used to predict the number of baseline cancers
expected in the population group studied.

Quality factor -

also QF or Q, the LET-dependent factor by which absorbed doses are
multiplied to obtain (for radiation protection purposes) a quantity
that expresses the effectiveness of an absorbed dose on a common
scale for all kinds of ionizing radiations. X rays at 250 kVp are
usually used as reference radiation (Q = 1).

Rad -
unit of absorbed dose of ionizing radiation = 100 erg/g mass; a newer
unit of absorbed radiation dose is the gray (Gy): 1 gray = 1 joule -
absorbed energy per kg mass; thus 1 gray = 100 rad. (Average background
radiation in the U.S. 1s on the order of 0.1 - 0.2 rad annually.)

Radiation quality -

a general term referring to the spatial distribution of absorbed dose
in extremely small volumes of target tissue. For example, an exposure
to neutron radiation may be quantitatively the same as an exposure to
gamma ray, in the sense that, for volumes of tissue on the order of
one cubic centimeter, the absorbed energy is the same. Yet at resolu-
tions of a few microns the {onizing events will be more uniformly
dispersed for the gamma ray radiation than for the neutron radiation
(see LET), producing quantitatively different biological effects (see
(RBE). :
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.Sarcoma -

Radiogenic -

caused by radiation.
Radionuclide =

a radioactive atomic specles.
Radon daughters -

(radicactive) decay products from the radioactive gas, radon (itself
a2 decay product from radium).

RBE = relative biologic effectiveness -

a factpor used in comparing ionizing radiation of different types,
generally by measuring the effectiveness relative to 250 kVp X radiatiom.
For a given dose of given type of radiation, the RBE is the ratio of the
dose of 250-kVp X rays to the dose of the given radiation that will pro-
duce the same biological effect., For a given type of radiation, RBE
varies with the energy, the magnitude of the dose, and with the end

point studied. .

Relative risk -

an expression of excess risk relative to the underlying (baseline)
risk; 1f the excess equals the baseline risk the relative risk is 2.

Rem -
(rad equivalent, man); unit of dose equivalent. The dose equivalent
in "rem” is numerically equal to the absorbed dose in “"rad” multiplied
by the "quality factor”™ (see this), the distribution factor and any
other necessary modifying factor.

RERF -

Radiation Effects Research Foundation; a Japanese foundation chartered
by the Japanese Welfare Ministry under an agreement between the U.S.A
and Japan. The RERF is the successor to the ABCC (Atomic Bomb Casualty
Commission).

Risk coefficient -

a fitted constant in an equation that describes how an effect depends
on dose.

a malignant growth arising in tissue of mesodermal origin (connective
tissue, bone, cartilage or striated muscie).
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SEER program -

Surveillance, Epidemiology and End Results, a nationwide system of
population-based cancer registries supported by the National Cancer
Institute to provide systematic cancer incidence data for the U.S.
Approximately 10 percent of the U.S. population is covered; data
for 1973-1977 are published, data are otherwise available through
1981, (The Working Group has used SEER data for base-line caucer
incidence rates in the present report.)

Stochastic -
a stochastic process is one in which the system incorporates an
element of randomness, as opposed to a deterministic system. As
used in this report (following ICRP), stochastic effects are those
in which the probability of an effect occurring rather than its
severity is' a function of dose, without threshold.

Thorotrast -

a contrast agent used earlier (1928-1955) for X ray diagnostic
procedures; Thorotrast contains radlioactive thorium—232 dioxide.

Threshold (dose) -

a specified level of dose below which, it is assumed, no radiation
injury of a specified type occurs.

Time~response model -
a mathematical model expressing the conditional probability
distribution of the time from exposure to a carcinogen until
diagnosis of a cancer caused by that exposure.

Tinea capitis -
ringworm of the scalp.

UNSCEAR -

United Nations Scientific Committee on the Effects of Atomic Radiation;
publishes periodic reports on sources and effects of 1onizing ~ radiation,

WL = Working Level ~-
any combination of short-lived radon daughters in one liter of air
that will result in the ultimate emission of 1.3 x 105 MeV of potential
alpha particle energy.
WLM = Working Level Month
exposure resulting from the inhalation of air with a concentration of

1 WL of radon daughter for 170 working hours. One WLM corresponds to
a dose of approximately 6 rem.
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LA

¥ radiation -

%
FRR—

also X rays; penetrating electromagnetic radiation, usually produced
by bombarding a metallic target with fast electrons in a high vacuum.

ST

Xeroderma pigmentosum (XP) -

%: an inherited disease in which skin cells are highly susceptible
to sun-induced cancer; XP cells have a defect in DNA repair after

ultravioclet irradiation which apparently accounts for the propensity
for this neoplasm.
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